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Fig 1. SEM of 35% phosphoric acid etched dentin showing open dentinal tubules 
lined with peritubular dentin as indicated by arrow (adapted from SEM evaluation of 
the interaction pattern between dentin and resin after cavity preparation using 


































Fig 3. Tertiary dentin also known as Reactive Dentin is seen clearly in this tooth 
















Fig 4. Schematic presentation of the chemical structure of riboflavin indicating the 















Fig 5. Type I collagen shown as a molecular structure of fibrillar collagen with 
various subdomains with cleavage sites for N- and C-procollagenases (adapted and 
redrawn from ‘Collagens—structure, function, and biosynthesis’; Advanced Drug 

















Fig 6. The lysyl mediated mature crosslinks formed within the collagen Type I fiber; 











Fig 7. The collagen triple helix. (a) The crystal structure of collagen molecule; (b) 
view down the axis of triple helix with three strands with space filling, ball stick and 
ribbon presentation; (c) ball and stick profile of collagen triple helix; (d) stagger for 















Fig 8. The degree of N-acetylation in the physiochemical nature of chitin and chitosan 
(adapted from Biomedical Activity of Chitin/Chitosan Based Materials—Influence of 
Physicochemical Properties Apart from Molecular Weight and Degree of N-


























Fig 9. Patterns of cross-linking collagens. Collagen types I (2), III (4), and IV (6) 
show a banding pattern distinct from the other two shown. The riboflavin sensitization 
with UVA causes the collagen Type I to almost disappear (3) [Effects of Ultraviolet-
A and riboflavin on the Interaction of Collagen and Proteoglycans during Corneal 
Cross-linking; Published, JBC Papers in Press, February 18, 2011, DOI 
















Fig 10. The Type I mechanism leading to electron transfer as a result of hydrogen 
atom abstraction, thus yielding free radicals, which in turn can react with the available 
oxygen species to form the superoxide ion. The Type II mechanism results in 
collision of the excited sensitizer and the triplet excited oxygen that also results in an 















Fig 11. The allysine crosslinking pathway with lysine residues for intermolecular 
crosslinking. The skin collagen involves histidine forming mature crosslinks (Adapted 













Fig 12. Hydroxylation of crosslinking lysine residues showing bone tissue specific 



















Fig 13. Raman and Rayleigh scattering compared in the Jablonski diagram in which a 
molecule getting excited to a virtual state in lower energy with photon losing its 


















Fig 14. Raman spectra obtained from procine cartilage explants with minimal 960 cm-
1 peak [Adapted from Early detection of biomolecular changes in disrupted porcine 















Fig 15. Schematics (redrawn) showing acid etching of mineralized dentin removing 
the smear layer leading to demineralization and exposing the collagen fibrils. 
(Redrawn from Pashely DH, Ciucchi B, and Sano H. Dentin as a bonding substrate. 













Fig 16. Scanning electron micrograph of the resin-dentin interface bonded with 3M 
Single Bond ESPE (1500x). (a) dental composite; (b) adhesive bond; (c) hybrid layer; 















Fig 17. Scanning electron microscopic image of the resin-dentin interface bonded 
with 3M Single Bond ESPE. A uniform hybrid layer (HL) formation can be seen with 















Fig 18. Collagenolysis in the presence of collagenase and unwinding of the triple 
helix in the alpha chain (Nagase H, Fushimi K. Elucidating the function of non-




















Fig 19. Obtained Raman spectrum of the (a) control demineralized specimen; (b) 
Adper TM Single Bond; (c) and chitosan in the region of 700-1700 cm-1 (Daood et al; 
Effect of chitosan/riboflavin modification on resin/dentin interface: Spectroscopic and 










Fig 20. Schematic representation of the specimen preparation for the micro-tensile 
bond strength (!TBS) test and SEM analysis. (A) Removal of occlusal surface to 
expose the flat dentin surface; (B) preparation of the dentin surface to receive 
adhesive with or without RF; (C) cutting of resin-dentin beams from the center of 
bonded specimen; (D) attachment of the single resin-dentin beam for immediate 
!TBS testing; (E) storage of resin-dentin beams in artificial saliva for 9-months 














                   
 
Fig 21. Bonded specimen glued to custom-made metallic jig mounted to Universal 
















Fig 22. Representative Raman spectra of (A) Adper TM Single bond adhesive, (B) 
demineralized dentin specimen, and (C) resin impregnated dentin recorded in the 
region between 800-1800 cm-1. The P-O bond at 960 cm-1of the mineral component 
is well represented for demineralized and resin impregnated dentin. The peaks at 1667 










Fig 23. Representative SEM micrographs of the etched dentin resulting from different 
bio-modification procedures. Images showing an illustrative area of the dentin surface 
of (A) control; bio-modified with (B) 0.1%RF; (C) Ch/RF 1:4 and (D) Ch/RF 1:1 
specimens. The 0.1%RF and Ch/RF 1:4 specimens show open dentinal tubules with 
intact collagen fibers whereas the Ch/RF 1:1 specimens exhibit a discontinuous 
structure. The dentin of all specimens were conditioned for 15 s with 37% phosphoric 
acid (Daood et al; Effect of chitosan/riboflavin modification on resin/dentin interface: 















Fig 24. SEM images of the control, 0.1% RF and Ch/RF (1:4 and 1:1) crosslinked 
resin/dentin interfaces surfaces treated with AdperTM Single bond 2; 3M ESPE. The 
hybrid layer (HL) and many resin tags (RT) were found at the adhesive interface 
between resin cement and dentin; (A) control, (B) A uniform hybrid layer with long 
resin tags can be observed in the specimen interface treated with 0.1%RF crosslinking 
prior to dentin bonding agent application. The resin cement penetrated deeply and 
many long resin tags were observed at the demineralized interface. (C) A funnel-
shaped configuration of the resin tags also seen at the base of Ch/RF 1:4-treated 
specimens. The resin tags exhibited a slightly rough texture. (D) The resin tags in 
Ch/RF 1:1 specimens showed a regular cylindrical shape exhibiting a rough texture 
(arrow) on top of the resin tags and a relatively thicker and more textured hybrid 
layer; HL, hybrid layer; RT, resin tags (Daood et al; Effect of chitosan/riboflavin 

















Fig 25. Raman spectra of control, 0.1%RF and Ch/RF (1:4 and 1:1) crosslinked dentin 
specimens in the spectral range of 900–1700 cm-1. The peak assignments are 
represented in Table II. The C-H alkyl groups also appeared in the collagen spectrum 
in dentinal substrate with other peak areas of CAC bond, Amide I and Amide III. 
Schematic representation of CH3 inplane bending also shown. (a) control (b) 0.1%RF 
(c) Ch/RF 1:4 (d) Ch/RF 1:1. [Color figure can be viewed in the online issue, which is 
available at wileyonlinelibrary.com ; Daood et al; Effect of chitosan/riboflavin 










Fig 26. Raman line map (A) and images of the spectrum at the 4 !m (B) and 8 lm (C) 
crosslinked resin/dentin interfaces. Intensities at 960 cm and 1450 cm-1 for all other 
specimens are identified in the line map. The Raman images indicate the positions of 
spectra in the region of interest. The spectrum is characterized to (a) Ch/RF 1:1 (b) 
Ch/RF 1:4 (c) 0.1%RF (d) control. [Color figure can be viewed in the online issue, 
which is available at wileyonlinelibrary.com. Daood et al; Effect of 




Fig 27. SEM images of the resin-dentin interface after 24 h storage in artificial saliva. 
Well-defined uniform hybrid layer (white arrows) and with well-formed branched 
resin tags could be observed with control (A), 1%RF-modified adhesive (B), and 
3%RF-modified adhesive (C) specimens. Relatively thick and textured hybrid layer 
with long well formed resin tags could be seen with the 5%RF-modified adhesive 
specimens (D). The 10%RF-modified adhesive specimens showed a very thin hybrid 
layer with lack of well-formed resin tags (E). C: resin composite; HL: hybrid layer; 










Fig 28. SEM images showing the resin-dentin interface of the RF-modified adhesive 
system after 9-months aging period in artificial saliva. Relatively intact hybrid layer 
could be seen after 9-months storage for the control (A), 1% (B) and 3%RF-modified 
specimens (C) compared to the 5%RF-modified specimens (D). Hardly any hybrid 
layer could be observed in the 10%RF-modified specimens and only few short resin 










Figure 29: Distribution (%) of failure mode of control and RF-modified adhesive 
specimens after the micro-tensile strength testing of the immediate (A) and the 9-














Fig 30. Representative fracture surfaces of specimens bonded with control and RF-
modified adhesives. Control group (A), without RF, showing a typical mixed fracture 
pattern at the outer rim, occurring mostly at the bottom of the hybrid layer (higher 
magnification shown in solid box); mixed failure in 1%RF-modified adhesive 
specimens with open dentinal tubules, and adhesive remnants (arrow) (B); 3%RF-
modified adhesive specimens, with mixed failure pattern and with resin tags (C and 
D;); resin tags within the dentinal tubules of 3%RF-modified adhesive specimens (E; 
open arrows); 5%RF-modified adhesive specimens at lower magnification presenting 
dentin side of fracture with mixed failure pattern (solid box) and cohesive failure 
within the adhesive (dotted box) (F); adhesive failure within 10%RF-modified 
adhesive specimens (G); small cracks within 5%RF-modified adhesive specimens 
after 9-months of artificial saliva (H; arrows); Cohesive failure in 10%RF-modified 
adhesives (A=adhesive) after 9-months of storage (I). Horizontal fracture seen at the 









Fig 31. The percentage of degree of conversion of control and different RF-modified 
adhesive specimens at different time intervals from the start of photoactivation (0 s) 

















Fig 32. Representative Raman spectrum for the five adhesives tested illustrating the 
principal functional groups. The groups can be identified at CH2CH3 1450 cm-1, C=O 
1610 cm-1, C=O 1640 cm-1 and C=O 1720 cm-1. The arrows indicate shifts associated 
with C=O 1720 cm-1;(A) control=1717 cm-1, (B) 1%RF-modified adhesive=1711 cm- 
1, (C) 3%RF-modified adhesives=1710 cm-1, (D) 5%RF-modified adhesives =1713 











Fig 33. Representative line map (scans) across resin-dentin interface of different 
control and riboflavin-modified adhesive specimens. The spectral contribution is 
recorded at 960 cm-1 (hydroxyapatite) and 1450 cm-1 (C-H Alkyl) intensities 















Fig 34. Comparison of Raman spectral data acquired in the region of 1030 cm-1 and 
1670 cm-1 for the (A) Control, (B) 1%, (C) 3%, (D) 5%, and (E) 10%RF-modified 
adhesive specimens at 5!m levels. The principal bands identified are Amide bands (I 
and III) along with C-H alkyl groups in the resin-dentin specimens. The single arrow 
indicates the pyridinium ring group where accentuated intensity is observed in 3%RF-















Fig 35. Calculated ratios of 1610 cm-1 to 1640 cm-1 suggesting the ratio of aromatic to 


























Fig 36. (A) Confocal fluorescence images of the resin-dentin interfaces of (i) control, 
(ii) 1%, (iii) 3%, (iv) 5%, and (v) 10%RF-modified two-step etch-and-rinse adhesive 
specimens. The image shows variation in micro permeability within the interface. (B) 
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Table 2. Typical band assignments of Raman spectrum of dentin collagen disc 
specimens in both innate state and after cross-linking treatment of dentin disc 
specimens. !!!
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Table 4: Means ± standard deviations of degree of conversion of control and RF-
modified dental adhesives.  
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Objectives: The aim of this study is to investigate the morphological and chemical 
changes of demineralized dentin collagen-matrix and resin/dentin interface associated 
with chitosan/riboflavin modification. Two-step experimental etch-and-rinse model 
dentin adhesive was also modified with different concentrations of riboflavin and 
study its effect on the bond strength and on the degree of conversion of the adhesive. 
In addition, investigation of the modification of commercially available two-step etch-
and-rinse adhesive with different concentrations of riboflavin was performed to study 
the effect of riboflavin modification on resin impregnation. Materials and Methods: 
In phase I of the study, dentin disc specimens were prepared from sound molars, acid-
etched with 35% phosphoric acid and modified with either 0.1% riboflavin or 
chitosan/riboflavin (Ch/RF ratios 1:4 or 1:1) and photo-activated by UVA. Dentin 
surfaces of sound molars were exposed, acid-etched, and modified as described 
before. Etch-and-rinse dentin adhesive was applied, light-cured, and layered with 
resin-restorative composite. The resin infiltration and resin/dentin interface were 
characterized by micro-Raman spectroscopy and SEM. Moreover, in phase II, an 
experimental adhesive-system was modified with different concentrations of 
riboflavin (0, 1, 3, 5 and 10 wt%). Similarly, dentin surfaces were etched with 37% 
phosphoric acid, bonded with respective adhesives, restored with restorative 
composite-resin, and sectioned into beams to be stored for 24 hour or 9-months in 
artificial saliva. Micro-tensile bond testing was performed along with scanning 
electron microscopy to analyze the failure distribution of debonded beams and to 
investigate resin-dentin interface morphology. The degree of conversion was 
evaluated by performing Fourier transform infrared spectroscopy at different time-
points from the start of irradiation. Data was analyzed with one-way and two-way 
! &$!
ANOVA followed by Tukey’s for pair-wise comparison. In phase III of the study, 
commercially available AdperTM Single Bond adhesive-system was modified with 
different concentrations of riboflavin (1, 3, 5 and 10 wt%) or left unmodified as a 
control. Dentin surfaces were again etched with 37% phosphoric acid, bonded with 
two coats of respective adhesives and restored with restorative composite-resin. The 
resin infiltration and resin-dentin interface were characterized by micro-Raman 
spectroscopy. Confocal microscopy was performed by adding Rhodamine B dye 
(0.01%) to the bonding resin. Data was analyzed with two-way ANOVA followed by 
Tukey’s for pair-wise comparison. Results: In Phase I of the study, an open-intact 
collagen network-structure, formation of uniform hybrid-layer and higher resin 
infiltration were found with 0.1%RF and Ch/RF 1:4 modifications. Raman analysis 
revealed chemical changes and shifts in Amide bands with the modification of dentin 
collagen-matrix. Results in Phase II of the study, modification with 1% and 3% 
riboflavin increased the micro-tensile bond strength compared to the control at 24 h 
and 9-months storage with no significant differences in degree of conversion 
(p<0.05). The most predominant failure mode was the mixed fracture amongst all 
control and riboflavin-modified specimens except 10%RF-modified adhesive 
specimens were cohesive failure in the adhesive was predominant. Detrimental 
decrease in the micro-tensile bond strength was found with 10%RF-modified 
specimens. In Phase III of the study, higher resin infiltration was found with 1% and 
3% riboflavin modified adhesives. Raman analysis revealed chemical changes and 
shifts in Amide bands with the modification of dentin collagen-matrix. The control, 
1%RF and 3%RF-modified adhesive specimens show a higher 1610:1640 ratio than 
the remaining 5%RF and 10%RF-modified adhesive specimens. The entire specimens 
were variably infiltrated with the bonding resin. Conclusions: The use of riboflavin 
! &%!
and chitosan/riboflavin formulations to modify dentin collagen matrix, with the 
defined ratios, stabilizes the collagen fibrillar network and enhances resin infiltration 
and hybrid layer formation. These preliminary results are encouraging for subsequent 
consideration of chitosan/riboflavin modification in adhesive dentistry. The 
incorporation of riboflavin in the experimental 2-step etch-and-rinse adhesive at 3 wt 
% improved the immediate bond strengths and bond durability after 9-months storage 
in artificial saliva without adversely affecting the degree of polymerization of the 
adhesive monomers. In addition, the use of riboflavin with defined concentration 
affected resin infiltration. From the results of the study, 1% and 3%RF adhesive 


















1. Introduction to Dentin Structure 
The dentin structure is the inner core of the tooth, which is considered as the 
mineralized connective tissue. The microstructure of dentin determines in principle, 
nearly all the adhesive and restorative procedures carried out. Furthermore, dentin can 
be modified into different forms due to aging or any disease process. The tissue is 
formed by odontoblastic cells, as the cells are also responsible for the dentin-pulp 
defense mechanism. The dentin structure comprises of 70% inorganic phase with 20% 
and 33% being constituted by the organic and water phase. The water content within 
the entire dentin structure varies differently from superficial to deep dentin, as the 
water content is primarily within the dentinal tubular structure 
[1]
. It is considered a 
crystalline composite structure with tubule formation. These dentinal tubules are 
surrounded by the intertubular dentin. The dentinal tubules appear as the widest near 
the pulpal complex therefore the dentinal tubules decrease more towards the dentino-
enamel junction. Generally the dentin structure is classified into; dentino-enamel 
junction, mantle dentin, secondary and primary dentin and tertiary dentin. The 
inorganic portion of dentin contains the intertubular and peritubular dentin 
[2]
. The 
organic matrix of mantle dentin is irregular and contains the Von Korff fibers 
primarily made of collagen type III making it different in composition with absence of 
phosphoproteins. Peritubular dentin is considered harder as compared to the 
intertubular dentin, which may relate to the overall variation of hardness in different 
parts of dentin. Mantle dentin is also devoid of tubules but there is still evidence of 
permeability within the mantle dentin. Prior to mineralization of the mantle dentin 
matrix, the proteinous residues of the degraded basement membrane incorporate 




. The primary dentin formed within the dentin structure has a more 
organized and compact collagen structure and forms one of the major components of 
the tooth structure. The dentinal tubule orientation within the secondary dentin might 
differ from primary dentin and are less regular  
[4]
. 
The organic content of dentinal matrix contains a major proportion of collagen 
Type I synthesized by the odontoblasts. The Type I collagen found may also be 
important in maturing the predentin. Type III collagen is normally absent in the 
organic portion of intertubular dentin and mostly found in the dentinal tubules. The 
tubular structure of the dentin tissue has its major affect on the mechanical properties 
of the tissue. There was a notable difference seen in the tubular orientation of the 
dentin when compared to upper and lower teeth. This difference in tubule orientation 
may be the main reason why there might be a difference in load response in different 
teeth. The dentinal tubules which are in much proximity to the dentino-enamel 
junction are much more denser and might be related to the pulp defense systems 
[5]
. 
Along with the tubular structure within the entire length of dentin, the main dentinal 
tubules also branch out to form smaller ramifications as the density increases of the 
smaller branches as compared to the primary tubule, which results in the formation of 




1.1. Intertubular dentin 
The peritubular dentin is viewed under optical and scanning electron 
microscopes as a transverse cross section appearing as rings. The remaining tissue 
around the dentinal tubules is the intertubular dentin as the current information and on 
! &(!
chemical composition is mainly referred to the intertubular dentin. The intertubular 
dentin is characterized by hexagon shaped crystals as they run parallel to the collagen 
fibers. The Young’s modulus changes as the location of intertubular dentin changes as 
it is more resistant to acid as compared to peritubular dentin 
[7]
. The organic content 
of the intertubular dentin is more as the mineral/matrix ratio is ~ 3 times lesser than 
the peritubular dentin. The mineral and organic content within the intertubular dentin 
is 70% and 20% respectively 
[8]
. The major protein found in the intertubular dentin is 
Type I collagen amongst the intertubular crystallites giving a needle like appearance 
found mostly at the surface of the collagen fibers or are present as parallel entities 
within the crystallite/collagen axis. As intertubular dentin is demineralized, a dense 
collagen network is revealed as the collagen subunits overlap the collagen halo zones. 
Similar demineralization detects a thin network of collagen fibrils with visible 
phospholipids within the peritubular dentin 
[9]
.  
Intertubular dentin forms the most prominent part of circumpulpal dentin. The 
difference between intertubular and peritubular dentin is due to the difference in type 
of the mineralization process. Intertubular dentin is a result of changes between the 
dentin and a dynamic predentin. The formed dentin is a three-layered model as active 
transformation of predentin is the origin of intertubular dentin. There is active 
transport of matrix components such as albumin and phospholipids from the serum to 
the dentin leading to mineralization of the intertubular dentin 
[10]
. The stiffness of 
intertubular dentin is 50% higher with hardness at submicron level presenting more 
variation. Van Meerbeek et al 
[11]
 first reported the hardness values of intertubular 
dentin and was found to be closer to 500 MPa. The hardness values were around 130-
! &)!
510 MPa for the intertubular dentin, as it got closer to the pulp as such variations 
result in differences of the properties. Similarly, decreased modulus near the enamel 
to as low as 21.1 GPa that indicates the same microstructure variation. The softer 
matrix of the dentin also contributes to the isotropic nature of the human dentin with 




1.2. Peritubular dentin 
  After the deposition of intertubular dentin, the peritubular dentin (Fig 1) is 
patterned on the inner surface of the tubular lumen by the odontoblastic cells. 
Therefore, peritubular dentin may also be referred to as intra tubular dentin. The 
peritubular dentin has no collagen and is considered far more mineralized as 
compared to the intertubular dentin. The tubular lumen is decreased as a result of the 
deposition of the peritubular dentin as shown in the schematics (Fig 2). Little 
peritubular dentin exists within the mantle dentin. The peritubular dentin widens and 
thickens more towards the dentino-enamel junction. As mentioned earlier, the organic 
content within the peritubular dentin is ~ 40% more as compared to the intertubular 
dentin and is homogenous as compared to the intertubular dentin and has different 
mechanical and structural properties 
[13]
. Although peritubular dentin has minimal 
organic components, it does contain glycoproteins, phospholipids and acidic proteins 
along with chondroitin-4-sulfate and chondroitin-6-sulfate. The dentin tubule contents 
components from intertubular dentin can penetrate the peritubular dentin as the 
structure is considered porous and therefore may signify that it may take part in 





1.3. Tertiary dentin 
Tertiary dentin is formed as a result of external stimuli to dentin such as 
attrition, caries or abrasion resulting in deposition of mineralized dentin over the pulp 
resulting in a protection of the soft tissue against microbial infection (Fig 3). It is a 
well-known phenomenon that attrition can produce more tertiary dentin as compared 
to dental caries as the formation of the tertiary dentin structure is much depended on 
the stimulus intensity and duration. Tertiary dentin usually does not have regular 




The mechanical properties of dentin vary according to its specific location 
within the structure. The study of the mechanical structure of dentin is a predictability 
of the dentin/restoration compatibility and how different factors such as disease and 
age can affect the performance of the dentin tissue itself. The dentin hardness values 
mostly range between 250 to 800 MPa as most hardness values are performed with 
micro indentation. These values are an average value for the dentin structure as there 
were studies that the micro hardness values of the dentin structure lowered with 
increasing depths 
[16]
. It had also been evaluated that the increase in tubular density 
near the pulp resulted in a reduced hardness value, although it still remains unclear 
whether this decrease in hardness owes to the dentin structure itself or due to the 
difference in material structure. The baseline mechanical properties of dentin have 
been far from proven that has led to the use of nanoindentation measurements. The 




2.  Riboflavin – Chemistry and Biological function 
Riboflavin can easily accept or donate electrons or pair of hydrogen atoms 
although it has a complex photochemistry shown schematically in figure 4.  As 
riboflavin produces the singlet oxygen, the concentration of the singlet oxygen 
radicals produced within the riboflavin-sensitized system depends on the 
concentration of oxygen and availability of riboflavin and other quenchers. The 
riboflavin structure has several double bonds within its ring with maximum 
absorption seen at 225, 275, 370, and 450 nm at pH 7. The neutral form of riboflavin 
is fluorescent as the lifetime of riboflavin within the system depends on the pH and 
amino acids within the system.  
Riboflavin, present in majority living systems, is a yellowish compound, 
which was isolated around 100 years ago. Nowadays, riboflavin is produced by 
microbial fermentation and chemical synthesis 
[18]
. Vitamin B2 also known as 
riboflavin has a photodegradable structure, which is photosensitive 
[19]
. It is an 
important part of flavin adenine dinucleotide and other co enzymes of flavin 
mononucleotide that can help in oxidation and reduction reactions. It can be degraded 
by photo addition and reduction 
[20]
 as the reactions are affected by pH and viscosity 
[21]
. Riboflavin takes part in metabolic reactions as it produces ATP through the 
Embden-Meyerhoff pathway by the breakdown of monosaccharides 
[22]
. Riboflavin 
solutions have been known to be stabilized in the presence of light by addition of 
cyclodextrin, liposomes and other photo stabilizers 
[23]
. It also forms complexes with 
caffeine and therefore influences the rate of its chemical reaction and degradation 
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[24]
. Therefore the bioavailability and therapeutics of riboflavin can be remarkably 
improved 
[25]
.       
Riboflavin is a biocompatible material, as the molecule and the residual 
content itself have not been proved to have any hazardous effects as collagen has been 
widely considered to treat defects within the cornea due to its crosslinking of the 
corneal collagen. It was Wollensak et al who introduced crosslinking of the corneal 
collagen using ultraviolet A (UVA) at 370 nm lengths. The biomechanical strength of 
the human cornea was increased by 300%. It was the effect of riboflavin during 
regular intervals before and during the irradiation as the riboflavin was incorporated 
every 3 minutes during crosslinking and before UVA exposure 
[26, 27]
. This 
treatment of the keratoconus increases the mechanical stiffness of collagen in the 
presence of riboflavin 
[28]
 as there is a regression in the progress of the disease as a 
result of improvement in the shape of the cornea and better quality vision 
[29]
. In 
addition, UV light and riboflavin has produced side effects on the ocular structures 
with the result of UV light being more absorbed resulting in heat dissipation in the 
corneal tissue leading to thermal damage 
[30]
.  Riboflavin potently produces oxygen 
radicals for the crosslinking of the collagen network by photo-oxidation, as the 
presence of singlet oxygen is required 
[31]
. Riboflavin presence enhances in 
fluorescent stimulation, which produces these oxygen radicals resulting in increased 
crosslinking of the collagen network 
[32]
. The absorption peaks of riboflavin are at 
270, 366 and 445 nm as effect of UV light at these particular frequencies can vary. 
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There is a high absorption at 270 nm in the DNA resulting in effective tissue damage 
[33]
. It has been suggested; the rate at which riboflavin diffuses within the de-
epithelialised corneal stroma was slow. Moreover, the application regime of one drop 
for every 3 minutes for 30 minutes before UV application with additional 5-minute 




The riboflavin-catalyzed photopolymerisation involves singlet oxygen 
production 
[35]
 that results in reactions with the available collagen and the 
proteoglycans. The reactions involve a whole series of changes within the secondary 
and tertiary structure of the protein network 
[36]
, tyrosine residues resulting in 
formation of pi-pi complexes (leading to dytirosine crosslinking) and glycation 
products formation 
[37]
. The corneal crosslinking as a result of singlet oxygen 
production in the presence of riboflavin and UVA can be prevented by the presence of 
sodium azide 
[38]
. There was an increase in the diameter of the corneal collagen 
fibers as a result of riboflavin and UVA treatment 
[39]
. This primarily may be due to 
the accumulation of proteoglycan molecules on the collagen fibrillar surfaces. The 
corneal stroma in particular, has small diameter collagen fibrillar network which are 
surrounded by glycosaminoglycan (GAG) and keratin sulfate proteoglycans 
[40]
.  
Riboflavin normally undergoes photolysis in anaerobic solutions resulting in 
the dehydrogenation of the ribityl side chain and also involves a spontaneous 
reduction of the isoalloxazine ring system within the molecule 
[41]
. The hydrogen 
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atom form the á-CH group is removed forming a biradical intermediate 
[42]
, which is 
the corner stone in the photolysis of riboflavin. It is well known that the riboflavin 
triplet state is directly involved in photoreduction with the help of physical quenching 
from the electron donors. The primary chemical reactions done by the flavin moieties 
involve triplet ground states and triplet-triplet reactions, which overall contribute to 
the photoreduction reactions of flavins or riboflavin. It is the increased electrophilicity 
of the excited triplet states of the riboflavin that increases the electron transfer 
reactions during hydrogen bonding and inadvertently results in a reduced riboflavin 
with a maximum absorption at 490 nm, half life of 100 15 at pH 8 
[43]
. Riboflavin in 
the presence of light enables photosensitization through Type I and II mechanisms 
[44]
. The free radicals are generated by an electron or hydrogen transfer mechanism 
and are possible at low oxygen concentrations resulting in oxygenated products. Type 
II processes involve the excited sensitizers reacting with oxygen molecules forming 
singlet oxygen species further reacting with the substrate 
[45]
. It is this riboflavin that 
acts as a photoinitiator of acrylamide and 2-hydroxyethyl methacrylate. Riboflavin 
reacts with triplet oxygen at a reaction rate of 9 x 108/M/s and the formation of triplet 










3. Collagen Structure 
Collagen Type I proteins are a group of intricate forming large molecular 
fibrils. The complex structure of collagen fibrils has been widely demonstrated and 
studies using transmission electron microscopy, scanning electron microscopy and 
atomic force microscopy 
[47]
. Astbury and Bell suggested that the collagen molecule 
contains cis-conformation in the polypeptide chain, which is extended chain of amide 
bonds. Pauling and Corey 
[48]
 suggested a helical formation via hydrogen bonds of 
the three-polypeptide chains within which the hydrogen bonds four main chain 
heteroatoms within each amino acid triplet and required two peptide bonds for the cis 
conformation. The hydrogen bond stability is due to the recurrent N-H (Gly)…O=C (Xaa) 
within the triple helix and replaces the Yaa-Gly amide bond. Due to their 
supremolecular organization, collagen is classified into basement membrane 
collagens, transmembrane collagen, network collagen, fibril collagen, fibril forming 
collagen and anchoring collagen 
[49]
. The fibril forming collagen form the most 
abundantly found protein making it as 90% of the total collagen with Type I 
contributing to the structural component of the ECM matrix. All collagen types have 
the unique structural similarity of having the triple helix and it is the 4-
hydroxyproline, which is important for the formation of hydrogen bonds, which are 
also modified by glycosylation. The presence of C-propeptide plays a pivotal role in 
the synthesis of the helical structure where the primary diameters are determined by 
the N-propeptide 
[50]. These triple helices (Fig 5) are generally resistant to 
proteolytic enzymes like pepsin or trypsin and can be degraded by specific 




3.1. Distribution and Biosynthesis 
Collagen Type I along with II, III and V have a fibril array with highly 
oriented aggregates constituting a banding pattern of 70nm periodicity. Type I 
collagen, the most studied and widely found protein forms the integral component 
amongst bone, cornea, ligaments skin and few connective tissues. Type I collagen is 
primarily responsible for providing tensile strength, load bearing mechanical 
properties and torsion strength amongst bone, tendon and cornea. The homotrimeric 
structure of Type I collagen is similar to Type II collagen [52].  
The single peptide is removed from the pro-collagen molecule due to post-
translational steps. The prolyl 3-hydroxylase and lysyl hydroxylase enzymes in the 
presence of ferrous ions, oxygen and ascorbate leading to hydroxylation of proline 
and lysine residues 
[53]
. The thermal stability of the triple helix is due to the presence 
of 4-hydroxyproline leading to stable inter-molecular crosslinking providing sites of 
attachment for proteoglycans and carbohydrates. The C-propeptides also contribute to 
the collagen molecule formation by disulphide bonding which leads to an addition of 
N-linked carbohydrate. The final folding of the pro-collagen molecules is due to the 
presence of enzymes like peptidyl-prolyl cis-trans-isomerase, which leads to further 
interchain disulphide bond formations 
[54]
.  
The procollagen molecules and the triple helix are released into the 
extracellular space by the Golgi apparatus. After secretion the collagen molecule is 
processed by Zn-dependant metalloproteinases leading to collagen modulation. The 
C-propeptide of Type I collagen is made active by the fibroblasts [55] which is 
eventually followed by the self assembly of the collagen molecule especially Type I 
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and II due to the electrostatic interactions of collagen monomers and subsequently 
becoming into larger fibrillar components which is parallel forming bundles in case of 
tendons. The alignment is further stabilized due to covalent crosslinking as a result of 
telopeptide hydro oxylation. As the tissue matures, the non-reducible mature 
crosslinks are made by Schiff bases. In addition, pyrolic crosslinking occurs as the 
crosslinking occurs amongst three collagen molecules or fibrils located at the N and 
C-telopeptide 
[56]
. Being an elastic protein, collagen fibrils have the ability to 
reversibly deform as the covalent crosslinks determine the mechanical properties via 
glycation end products, lysyl oxidase crosslinks, and the disulfide bonds (Fig 6). The 
bi-functional and reducible mature crosslinks form spontaneously in new collagen 
providing resistance to shear stress 
[57]
. 
  Collagen is the most important organic molecule within tissues and organs 
providing the much needed strength and cohesiveness. Amongst all collagen within 
the tissue, the most predominant is collagen type I [58]. Type I collagen is the main 
determinant of the mechanical properties of teeth along with hydroxyapatite as the 
collagen fibers are located perpendicular to the lumen. For this unique orientation and 
constituents, dentin has anisotropic property. Owing to this property, the mechanical 
properties of peritubular dentin are higher than of the intertubular dentin. The 
biophysical properties are primarily defined by due to the microfibrillar networks, 
glycoproteins and the soluble proteins 
[59]
. It is these members of the collagen family 
with characteristic molecular and fibrillar structure that provides a structural 
component to the extracellular structure. Collagen family can be divided into the 
network forming collagens (fibril collagen), the membrane associated collagen and 
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the multiple triple helical structures. The different types of collagen and formation are 





The most widely found collagen amongst primary vertebrates is the fibrillar 
collagen as they contribute with a structural role and provide mechanical properties 
like tensile strength. It is confirmed that collagen through their receptors, integrate 
with cells and regulate differentiation and cell growth. Collagen VII and X have a key 
role in anchoring the fibrils and endochondrol ossification respectively. Collagen has 
a pivotal role in tissue repair and wound healing along with providing growth factors 
and cytokines. Collagen Type I has a unique function of inhibiting TGF-ß by binding 
to decorin. As a result of bone degradation, the collagen network releases matrix 
IGFs, which results in potent osteoblastic activity towards new bone formation. As a 
result of collagen binding to cytokines and certain growth factors, collagen is 
considered as an effective transport vesicle for certain factor deliveries. Collagen has 
also been known to facilitate tumorigenesis and some bio-functions like angiogenesis 
particularly by IV, XV and XVIII 
[61]
.   
The fibril forming collagen is divided into a unique triple helix structure of 
three polypeptide chains, which are anchored with the membranous collagen leading 
to superior elastic modulus of the dentin structure 
[62]
. The triple helical structure 
contains right-handed super coiled polyproline II helices around a common helical 
axis. The triple helix is a unique repetition of the X-Y-Gly with presence of a small 
sterical glycine in every third position. This repeat is a feature of all types of collagen 
with disruptions of triple helix domain of the non-fibrillar collagens. This triple 
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helical structure gives the unique properties of collagen Type I with all side chains 
exposed on the molecular surfaces and presents a highly elongated shape. This makes 
the collagen molecule as heterotrimeric making one "2 chain and two "1 chains [63].  
It is surprising though, that being one of the most important extracellular component, 
little is known about the organization of the collagen structure. Type I collagen (Fig 7) 
comprises the major portion of tendons and is also co-assembled with Type V 
collagen in human cornea. The fibrillar network shows periodic arrangement as seen 
in most electron micrographs and X ray diffraction confirms the 67nm space with 234 
amino acid residues in the native state 
[64]
.  
Dentin has three primary components such as water, apatite and collagen and 
it is the apatite component that makes it mineralized. The collagen fibers found within 
the dentin fibrillar network can become denatured can lose its structural form as a 
result of acid conditioning and cavity formation leading to a certain impairment of 
resin dentin bond strength and durability. This has a unique importance in clinical 
adhesive dentistry. It is this structural ability of the collagen fibers along with resin 
monomers that determines comprehensive resin dentin bonding and effective resin 
dentin hybrid layer formation. One of the fundamentals of restorative dentistry is the 
optimum property of the dentin structure. In principle, dentin has a structure of 10% 
water, 20% organic content including collagen and 70% minerals by weight 
[65]
. The 
collagen fibrils are formed as a result of alignment of microfibrils, which are 
intermediate sized. Within the tendon, the Type I collagen fibrils are ~ 500 nm in 
diameter and the fibrils intermingle resulting in a more intact structure. Thus the 





Zinc dependent endopeptidases, MMPs participate in the development of the 
tissue. MMP-1, which is the interstitial collagenase, along with MMP-8 and MMP-13 
(neutrophil and collagenase 3) are responsible for the degradation of collagen I, II and 
III. MMP-13 is responsible for the breakdown of collagen II, as compared to collagen 
I and III, which are cleaved by MMP-1 and MMP-8. The homotrimer of collagen type 
I is not easily degraded by mammalian collagenase as it has superior triple helix 
stability as MMPs are also responsible for releasing of bioactive fragments from the 
collagen structure 
[67]
.   
Collagen fibrils have been known to have a diameter of around 100 nm as the 
distinguishing feature of the molecule as compared to others is the 67 nm periodicity 
due to the arrangement of the collagen molecules with gaps 
[68]
. The understanding 
of the interaction of polymeric materials to the collagen molecules is imperative for 
establishing the theory of molecular organization of collagen molecules and the 
adhesives within the dentin hybrid layer. Bella et al suggested that the collagen 
spacing between the molecules is too wide for proper hydrogen bondings and it is the 
presence of water molecules that bridges the bonds and are responsible for making 
valid connections between the collagen molecules. It is the diameter of these water 
molecules that then determines the space between the collagen molecules 
[69]
. It is 
the bonding of the hydrolytic nature of the monomers to the hydrated dentin is one of 





3.4. Bonding Hydrolysis 
The prevalent monomers used in dentistry have ester and hydroxyl groups that 
are most susceptible to hydrolytic cleavage. The most common reasons of degradation 
include the degradation of resin monomers and poor infiltration of the collagen fibers 
by the resin monomer. Water molecules do not get completely removed from the 
collagen fibers as a result of resin infiltration and may contribute to another reason of 
degradation of the resin dentin interface. It is the inter collagen distance between the 
fibrillar molecules that are mainly responsible for the restricted penetration of the 
resin monomer on application 
[70]
. It is well known that the collagen stiffness can be 
lowered to 1-3 MPa from 1800 MPa in its demineralized state. The low modulus of 
elasticity results in increased rotational movements within the collagen molecule 
peptides, thus enabling them to be degraded by the MMPs. Collagen hydrolysis 
continues over a period of time within the 3-dimensional spaces of the resin-dentin 
hybrid layer by the collagenases which accounts for the total loss of collagen peptides 
over a period of time 
[71]











4. Chitosan Structure 
Chitosan, a co-polymer of two repeating units, is the N-deacylated form of 
chitin and a potential resource of polysaccharide (Fig 8), and has excellent 
biocompatible, biodegradable and adsorption properties. Naturally occurring like 
cellulose and dextran are acidic in nature while chitin and chitosan are basic. Chitin is 
obtained from the shells of crabs and fungi cell walls and is an abundantly found 
natural biopolymer. It is non-toxic and has excellent mucoadhesive properties. It is 
linked by beta-glycosidic bonds whose molecular hydrogen bonding is improved after 
crystalline refinement. It is soluble in acetic acids and can form microfibrillar 
arrangements (2.5-2.8 nm) within a protein matrix. This property makes it suitable for 
fiber spinning as it has structural characteristics, which are quite similar to 
glycosaminoglycans. Chitosan has also been previously modified with glutraldehyde 
that has improved its properties 
[72]
. With the increase in degree of deacetylation, 
there is an increase in chitosan degradation with accumulation of chitosan amino 
saccharides. Chitosan can also be degraded by enzymes, which have a degrading 
effect on glucosamine-glucosamine and N-acetyl-glucosamine-N-acetyl-glucosamine 
bonds 
[73]
. An acidic environment produces a positive charge as a result of capture of 
hydrogen ions by the amino groups that results in a good bioadhesive property against 
the negatively charged tooth substrates and soft tissues. It can also intercept in enamel 
demineralization.  It is true that not all properties are found within the chitosan/chitin 







Chitosan is usually not soluble at pH 7 in its crystalline form as chitosan is 
prepared from alpha-chitin by a heterogeneous process of complete or partial de-N-
acetylation of chitin. The difference in pH has the ability to change the charged state 
and hence the properties of chitosan and its behavior. There is a phase separation of 
chitosan at pH > 6.5 and shows solubility and positive charge due to amino groups at 
pH < 6.5. Chitosan can form aggregates due to hydrophobic attraction in buffer 
solutions. Chitosan has rigid D-glucosamine structures that are responsible for the 
insolubility of chitosan within the organic solvents. At a pH lower than 6, the 
electrostatic nature of chitosan forms bonding with negative charged molecules like 
proteins and glycosaminiglycans. After reduction in the crystallinity and the 
molecular weight, chitosan particles can have improved solubility in acids below pH 
5. Chitosan properties are pH dependent and therefore affect its biomedical activities 
like antimicrobial activities. Chitosan is considered antibacterial due to the presence 
of C-2 position and GlcN residue amino groups. The antimicrobial activity is more 
potent in acidic environment with inhibitory effects 
[75]
. 
Chitosan has two major reactive groups, which are the amino groups, and the 
hydroxyl groups, which are present on the C3 and C6 carbons, which makes it useful 
for bioactive crosslinking and its reaction with other molecules. Chitosan and chitin 
also have their selective roles on MMP activities. Chitooligosacchrides have an 
inhibitory effect on MMP-2 activities as a result of the chelation effect on Zn2+. With 
partial hydrolyzation of the chitosan molecules, there was inhibition of gene 
expression of MMP-9 as chitosan also exhibited increased binding to MMP-2. The N-
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acylation of chitosan involves reactions between chitosan and anhydrides that results 
in increased amide functions of the N-amino groups 
[76]
.   
 
4.2. Applications 
There are no random orientation for chitin and chitosan as compared to 
cellulose, which is a homopolymer as compared to the heteropolymer chitosan, and 
chitin. Chitin forms fibers having diameters upto 2.8nm and are embedded in protein 
matrix which makes it suitable for fiber spinning. It has also been proposed that 
chitosan inactivates fibroplasia during wound healing and has a potent effect for 
wound healing.  
Photography: Due to its optical properties, chitosan has many applications in 
photography, as the silver complex is not retained by chitosan 
[77]
. 
Artificial Skin: Chitosan is structurally similar to glycosaminoglycans and therefore is 
considered for skin replacements. Chitosan and saline healing on wounds was studied 
by Malette et al in the abdominal surface of dogs 
[78]
.  
Cosmetics: Having good fungicidal properties, chitosan is viscous in acids and is 
therefore used in lotions and creams. 
Ophthalmology: Chitosan has good optical and mechanical properties to be ideally 
used for contact lenses as the lens are made from partially depolymerized chitosan by 
spin casting. The contact lens produced has the required mechanical properties and 
oxygen permeability. In addition, the wound healing properties also help in 




Paper Finishing: Hydroxymethyl chitin is useful for papermaking as chitosan can 
provide wet strength to paper. 
Drug Delivery: Chitosan is effectively used in controlled drug delivery with 
enhancing safety, reliability of drug therapy and efficacy of the drug. This can have 
substantial effect on the drug release rate and reduces drug administration to patients 
[80]
. 
Antibacterial Agents: Bacterial growth can be inhibited using 0.025% chitosan by the 
binding of cationic amino groups to the anionic group of the microorganisms. This 
results in growth inhibition of the bacterial organisms 
[81]
. 
Blood anti-coagulants (heparinoids): Blood anticoagulation properties are seen 
amongst chitin and chitosan sulfate products. Heparinoids are used for artificial blood 




4.3.   The Collagen Chitosan Relationship 
Collagen and chitin are amongst the most abundant polymers in life. Although 
they do not exist together as blends in nature, but contain specific properties that 
enable unique structural and mechanical properties. These materials have the ability 
to evoke a minimal foreign reaction with the materials being miscible with formation 
of negative free energy within high weight of polymers. The interactions between the 
blends mostly due to charge-transfer complexes, hydrogen bonding, and #-electrons 
[83]
. Due to the formation of polyanion-polycation complexes between CC, chitosan 
can modify the biological or mechanical properties of collagen molecule 
[84]
. The 
hydrogen bonds formed between the collagen molecules is due to the –OH groups of 
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hydroxyproline along with other interactions between the other side groups. These 
side groups are responsible for formation of hydrogen bonding with the –OH and NH2 
groups of the chitosan molecules. These –OH and NH2 functional groups of the 
chitosan molecule may also form hydrogen bonding with the –COOH and NH2 of the 
collagen molecule. This is primarily due to the fact that there are numerous number of 
–OH groups within the chitosan molecules. It is the long chain of the chitosan 
molecule that envelopes the collagen triple helix molecule forming a complex of these 
molecules producing a higher viscosity rather than being as single component 
[85]
.  
Chitosan has the ability to inhibit the interactions of proteases by a direct 
interaction with the enzyme. The interactions between the available natural polymers 
such as collagen and chitosan reinforce the mechanical properties of the materials due 
to electrostatic forces and hydrogen bonding 
[86]
. Wether chitosan is to be considered 
as a pivotal and important biomaterial for use, its interaction with various living 
matter like collagen needs to be evaluated, as collagen is the most abundant 












5.   The Singlet Oxygen Radical Theory 
In the extracellular matrix, the glycosaminoglycans are attached to the 
proteoglycans via covalent bonds and play a major role in cell adhesion. The keratan 
sulfate chains attach to keratocan, lumican and mimecan through the N-linked 
oligosaccharides. An outward hydrophilic shell is formed by the glycosaminoglycan 
chains as they are attached away from the collagen fibrils on their sides. The shells 
match in thickness with the adjacent collagen fibril shells forming space between the 
collagen fibrils. Due to this, proteoglycans have an important role in the arrangement 
and formation of collagen fibers within the matrix and also serve as attachments for 
other proteins too 
[87]
. In principal, riboflavin produces singlet oxygen species after 
being exposed to UV light at 370 nm as a result of conversion to its triplet state. 
These singlet oxygen radicals result in formation of covalent bonds which bridge the 
amino ends of the collagen fibers. The cross linking of cornea has also been a new 
treatment for keratoconus and there is enough evidence that the crosslinking of the Â 
and ß chains of the collagen fibers due to riboflavin and UVA converts the collagen 
into high molecular weight polymers. The polypeptide chains within the collagen 
molecule are accessible to the molecular bondings that occur. Riboflavin in the 
presence of UVA alpha 1, alpha 2, ß11 and ß12 chains to get crosslinked and they do 
not appear in the electrophoretic gels (Fig 9). This in turn is able to improve the 
stiffness of the collagen fibers and also improve the mechanical properties due to the 
crosslinking between telopeptide terminal domains and the adjacent collagen 
molecules. There is transfer of energy between the triplet state of riboflavin and the 
oxygen radicals produced. This is the primary reason of physical bonding happening 
between the collagen molecules in their helical domains. There is disappearance of 
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the á and ß chains and formation of high molecular weight polymers along with the 
proteoglycans present within the extracellular matrix. Collagen crosslinking is 
enhanced in the presence of mimecan, riboflavin and UVA 
[88]
.   
The singlet oxygen radicals have significance in induction of photo oxidation 
and DNA damage. Previous studies have suggested that the singlet oxygen radicals 
can oxidize the substrates due to the fact that they are electrophilic which is the prime 
reason why the triplet states react with carbon bonds repeatedly within the collagen 
protein and amines. Therefore these oxygen radicals profoundly contribute as 
synthetic reagents 
[89]
. Singlet oxygen radicals can also oxidize sulfides and phenols 
due to their high electrophilicity due to the transfer of electrons. It is the generation of 
photosensitized 1O2, which is simple and requires oxygen with an appropriate 
wavelength and the presence of a photosensitizer like riboflavin, which can absorb the 
energy to convert the oxygen molecule into its singlet state. The ground state, S0 and 
the excited state Sn has the photon transition between them, which eventually changes 
to the S1 low excited state after relaxation. The lifetime of the triplet state is 
considered longer which involves the Type I mechanism leading to electron transfer 
as a result of hydrogen atom abstraction, thus yielding free radicals, which in turn can 
react with the available oxygen species to form the superoxide ion. The Type II 
mechanism results in collision of the excited sensitizer and the triplet excited oxygen 
that also results in an energy transfer. The photosensitizer molecules can produce 103 
– 105 1O2 molecules before the degradation. The Type I mechanism leads to electron 
transfer as a result of hydrogen atom abstraction, thus yielding free radicals, which in 
turn can react with the available oxygen species to form the superoxide ion. The Type 
II mechanism results in collision of the excited sensitizer and the triplet excited 
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oxygen that also results in an energy transfer (Fig 10). Photosensitizers should exhibit 
high absorption coefficient properties and have a triplet state for the electron energy 
transfer to the ground state oxygen. It should also have high photostability 
[90]
.   
The triplet oxygen is the most stable form of oxygen and can aggressively 
react with other molecules or compounds. The singlet oxygen on the other hand can 
react with electron bonds. Singlet oxygen has the capability to react with major amino 
acids such as cystein, methionine, tyrosine, histidine and tryptophan. The electrophilic 
singlet oxygen reacts with the double bonds of the tryptophan and tyrosine resulting 
in denaturation of the protein with loss of functions and formation of aggregates [91]. 
 
5.1. Riboflavin singlet oxygen 
Riboflavin is considered as a potent sensitizer as it forms singlet oxygen in the 
presence of light. It is due to the presence of the triene structure and the double bonds 
within the Riboflavin structure that enables it to react with singlet oxygen radicals. 
This supports the idea that Riboflavin cannot react with singlet oxygen in the absence 
of light 
[92]
. Due to the higher presence of proteins within the extracellular matrix, 
they can produce rapid reactions with other excited radicals and are also major targets 
of photo-oxidation. The singlet oxygen radicals (1$g) have paired spins of electrons 
within the same orbit and have a longer lifetime. They can undergo reactions readily 
as they have energies above the ground triplet state. Therefore the 1%g (ground triplet 
state) is short lived and also decay faster. So inadvertently, (1$g) is considered the 





5.2. Generation of singlet oxygen by light in the presence of endogenous 
and exogenous sensitizers 
 
Singlet oxygen formation via sunlight by amino acids is not as potent or 
aggressive as UV light is weakly absorbed in the region of the exposed spectrum, 
which is delta >290 nm. Tryptophan, phenylalanine, cystine, histidine and tyrosine 





5.3. Singlet oxygen and protein breakdown 
Due to the high concentration of proteins within the extracellular matrix, it 
will be considered prudent for the singlet oxygen (1O2) to target proteins. The singlet 
oxygen reacts with physical quenching and chemical reactions resulting in the transfer 
of energy and lower excitation levels of the singlet state. There is modification of the 
protein target and no evident chemical change in the energy acceptor 
[94]
.  Due to the 
1O2, there is inactivation and loss of function of the proteins and there is known 
generation of peroxides after multiple potential targets and oxidation of tryptophan, 
tyrosine and hsitidine. Such peroxides are also known to be released as a result of 
exposure to visible light and other sensitizers. The side chain oxidation is due to the 
production of protein carbonyls. There is modification of the prosthetic group of the 
protein structure and extensive damage to the backbone of proteins as a result of 
photo-oxidation. There is formation of alpha-carbon backbone radicals due to 
resonance stabilization by the neighboring amides and carbonyl groups. The alpha 
backbone radicals are key elements in the cleavage of proteins. As a result of 
breakdown and fragmentation, there is high molecular weight aggregation due to 
! )+!
radical-radical terminal reactions of phenoxyl radicals and disulphide bond formation. 
The disulphide bond formation is due to UVA exposure of the isolated proteins and 




















6.   Collagen Crosslinking 
 The crosslinking pattern within the collagen molecules is a phenomenon due 
to more of tissue specificity rather than collagen specific. Primarily, collagen 
crosslinking is governed by the fact that there is hydroxylation pattern of telopeptide 
and the collagen triple helix. It has been noted that mature trivalent cross-links are 
formed in Type I collagen of skin (Fig 11). Within the 4D staggered collagen I 
molecules, the histidine within the à2 (I) chain interacts with the vicinal aldimine 
cross-linking domain which is present between the hydroxylysine residue and the 
lysine aldehyde. The hydroxylysyl pyridinoline are formed due to formation of the 
glycosylated hydroxylysine within the collagen helical structure; although the helical 
hydroxylysine is not glycolysated between the N-telopeptide domain and the C-helix 
crosslinking site. In order for complete crosslinking pathway to occur, one or more 
telopeptide lysyl hydroxylases must exist for tissue specific and molecular site-
specific differences within the relative contribution of the crosslinking. The 
glycolysated hydroxylysines take active participation for crosslinking within the 
crosslinking sites. The process of crosslinking within bone involves partial 
hydroxylation (Fig 12) at site-specific region of the telopeptide lysine that goes on to 
form and complete the crosslinking within the triple-helical domain lysine of the 
collagen. The crosslink composition of the peptide within the each locus can 
determine the intensity of lysine hydroxylation  
[96]
.    
 As a result of photosensitized reactions of riboflavin with UVA light 
treatment, the sensitizer is excited to a triplet state due to absorption of UVA light and 
formation of free radicals or oxygen species leading to physical crosslinking of 
collagen alongwith photoxidative damage of cells. This can also lead to increase of 
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the collagen fibers diameter and mechanical stiffness 
[97]
. The phenomenon of 
increase in the collagen fiber diameter is a direct consequence of induced crosslinks 
pushing the collagen molecules distinctively apart with an increase in intermolecular 
spacing and the diameter. This can also be accompanied by increase in molecular 
weight of the crystalline portion of the protein 
[98]
. The collagen molecule is a 
protein with a slow turn over and is subjected to covalent crosslinking of its 
molecules due to glycation in vivo. This leads to spectral, chemical and physical 
changes within the properties like reduction in extractability, hydrophobicity and 
viscosity. There are changes also seen within the antigenecity of the collagen 
molecules. Due to incorporation of sugar within the collagen chains can lead to an 
increase in the volume 
[99]
.  
 The arrangement of the collagen Type I molecules within the fibrillar network 
is more or less in a quarter-stagger end-overlapping positions that result in a 
comprehensive nucleation of the calcium hydroxyapatite crystals resulting in 
crosslinking of the interfibrillar network due to the gap formations. Such an absence 
of crosslinks will lead to a reduction in the strength of the tissue, especially in case of 
bone 
[100]
. The calcifying collagen lacks the crosslink points containing a free C-
terminal aldehyde. However, the pyridinium crosslinks are found at C and N-terminal 
telppeptides within the dentin 
[101]
. Due to the absence of crosslinking within the 
collagen fibrils, it was noted in Keratoconus that stromal thinning lead to ectasia and 
increased expression of proteolytic enzymes and lysosomal expression and a 
substantial decrease in the protease inhibitors. This was the main reason for corneal 
thinning due to reconfiguration of the collagen lamellae found within the cornea 
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[102]
. It is Klingman and Gebre who investigated that the collagen became highly 
resistant to pepsin digestion indicating collagen crosslinking in presence of UVA 
[103]
.   
The UVA radiation can lead to cell damage with a surface dose as high as 42.5 
J/cm2. For clinical crosslinking, the minimal dose required is 5.4 J/cm2 
[104]
. In order 
to deliver a less cytotoxic dose of riboflavin to a cornea thinner than 400 !m, a 
hyposmolar solution has been typically used by using riboflavin-5-phosphate (0.5%) 
and sodium chloride (physiological salt solution, 0.9%). This achieves an osmolarity 
of 310 mOsmol/L 
[105]
. Riboflavin generates the superoxide anion radicals (O2-) in 
presence of UVA and is known to contribute in inactivation of the enzymes. 
Furthermore, there is modification of the collagen fibers, which may lead to a 
physical aggregation resulting in formation of dityrosine and loss of tyrosine 
[106]
. 
There is still much speculation left amongst the above mentioned findings, and 
understanding the controversy in this area remains. Other parameters besides 
osmolarity can be modified in order to see the effect of crosslinking like duration of 
treatment, intensity of the UVA or the concentration of the riboflavin itself. These 
changes may bring about changes in the induction of the superoxide anion radicals 
(O2-) in the presence of UVA 
[107]
. The RF and UVA catalyzed crosslinking involves 
intrafibrillar, fibrillar-ECM and interlamellar bonds. The intrafibrillar bonds are 
formed as a result of ɛ-amino groups from the ! chain of tropocollagen reacting with 
the ! chain residue of adjacent tropocollagen molecule producing numerous aldehyde 
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groups. Interlamellar bonds result in the increase in mechanical strength of the matrix 
as a result of the physical linking of the entire adjacent lamellae 
[108]
.   
Physical interactions between the collagen domains of the fibrillar network 
may occur due to the extensions of the terminal domains of the GAG chains from the 
sides of the collagen fibers leading to further GAG-GAG bonding domains due to the 
enhanced photoactivation effect of the riboflavin and UVA; that is covalent bonding 
via the tip domains of the GAG chains 
[109]
. The RF UVA catalyzed reactions 
involve crosslinking as a result of singlet oxygen production. The carbonyl groups are 
involved in the physical crosslinking of the collagen fiber as lysyl oxidase maintains a 
steady state of reactions, which are produced as a reaction of glycation and oxidation 
[110]
. The free amine groups also have a significant role in tissue and collagen 
crosslinking as a result of reactions including nonenzymatic reactions between sugars, 
lipid oxidation and free amine groups leading to crosslinking itself. Growing evidence 
indicates that the histidine chain becomes a primary target of the singlet oxygen 
causing a reduction in the histidine. The imidazole moiety is turned into a highly 
reactive electrophilic imidazolone forming covalent crosslinks. Therefore RF and 
UVA induced crosslinking may differ chemically from simple aggregation 
[111]








7.   Raman Spectroscopy 
 Vibrational spectroscopy has two complimentary spectroscopic techniques; 
infrared (IR) and micro-Raman spectroscopy. Both are advantageous analytical tools 
as they provide comprehensive information on intermolecular interactions, structure 
and composition of macromolecules. Due to simplicity and low cost of instrument, 
Raman spectroscopy is considered as a cost effective analysis for polymers. The basic 
principle behind the Raman effect is the irradiation of the sample with 
monochromatic light that results in scattered and spread radiation, which are 
conceived as vibrational transitions of shifted frequencies. The lines that are produced 
as a result of the scattering effect (inelastic) came to be known as anti-Stokes and 
Stokes lines (Fig 13). Primarily, during Raman scattering, there is electron cloud 
distortion as a result of quantum level due to the incident light electrical field; hence 




7.1. Raman Mapping and Imaging Instrumentation 
 
 The Raman mapping instrument consists of monochromator with high 
dispersion low scattered light and consists of a multichannel detector. Nowadays, a 
spectrograph with multichannel detectors are used with simultaneous collection of 
spectrum with the assumption that the light incident is correctly placed on the 
detector. This makes the time required to achieve a spectrum very low. The accuracy 
of intensity measurements of various Raman bands is increased with simultaneous 





7.2. Sampling for Raman Spectroscopy; Applications 
Raman analysis can be done in any state as the laser beam can be manipulated 
in various ways, as the laser beam is narrow and unidirectional. In case of liquids, a 
cylindrical glass with optically flat bottom is positioned vertically to the laser beam. 
In case of translucent samples, a hole can be drilled through the specimen while right 
angle scattering is required for solid specimens. Front surface reflection is used in 
powdered specimens. The molecular vibrational frequencies depend on geometric 
arrangements of the molecules, the nature of motion, mass of the atoms and the nature 
of chemical bonding with its physical and chemical environment 
[113]
.  
 Raman spectroscopy, till now is the best method known to identify unknown 
chemical compounds, if only the spectra of the reference compounds under 
investigation are known as a pattern of frequencies known as the ‘finger print’ of that 
particular compound or molecule are identified and such frequencies are than 
compared and recognized in a spectral database. This spectral comparison is carried 
out on visual comparison or correlation studies. There is always a risk of false 
identification of compounds as several matches within the frequencies can correspond 
to other molecules rather than the specimen itself. This can be due to accidental 
matching of frequencies with no properties similar to the known and unknown. False 
identification can be reduced if spectral reproducibility is increased. Interestingly, the 
databases for Raman analysis are smaller because of limited history of collection of 
spectra 
[114]
.                                            
Raman spectroscopy has been useful in the detection, identification and 
quantification of additives in polymers. Such chemical analysis and vibrational 
methods are precise, time and cost effective and seemingly non-destructive. The 
! )(!
structure of the chemical compound can be verified to propose the whole probable 
structure. The determination of the repeating chemical unit or structure determines the 
reactivity and stability of the chemical compound. The vibrational techniques, such as 
Raman are beneficial in determining the structure, as the method is a mainstay in all 
polymer studies. Such techniques are advantageous as they reduce toxicity, corrosive 
exposure and irritation 
[115]
.   
 
7.3. Protein Spectra 
 The excited Raman spectra of a protein structure reveals a detailed analysis of 
the crystalline structure. The Amide I is located at the ~ 1655 cm-1 region while 1610 
cm-1 represents the aromatic amino acid ring bands. The symmetric bending of the 
amide Cá – H band occurs at ~ 1390 cm-1. The Amide II band is fairly a constant 
feature occurring at ~1555 cm-1 with Amide III band showing a strong frequency at 
between ~ 1200 – 1300 cm-1 spectral region. The peak of CH2CH3 is at 1454cm-1 and 
appears with a variable intensity and is not associated to the Amide bands present 
within the protein structure. The Amide I band is due to the amide carbonyl C=O 
stretching alongwith minimal stretching of the N-H and C-N bending. The C-N, N-H 
and C-C stretching is also seen amongst amide II and III bands. The Amide III band 
stretching within the Raman spectrum occurs at the lowest frequency at 1250 cm-1 at 
low ! -helical content while the Amide III band frequencies of high ! -helical content 
occur at higher frequency. The occurrence frequency of the amino acid and the 
Raman cross section are a product averaging band intensities for the protein and 
amino acid. Some of the Raman band side chains also produce significant frequencies 
complementing to the overall observed Raman band from a certain protein containing 
various residues with sum of the shifted overlapping bands.  
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7.4. Raman of the hybrid layer 
Raman imaging and scattering was discovered in 1928 and is considered since 
than as one of the most informative techniques for the investigation at a molecular 
level in different media and sampling. The optimal penetration of the adhesive within 
the hybrid layer and demineralized dentin layer results in formation of an optimum 
resin-dentin bond. If there is minimal penetration of the resin within the 
demineralized dentin layer, the collagen within the hybrid layer will remain exposed 
to water and oral fluids making it vulnerable for degradation and denaturation by 
degrading bacterial enzymes and result in failure of the adhesive restoration. In order 
to achieve a good resin-dentin bond, there should be removal of mineral from the 
dentin substrate with maximum wetting of the adhesive over the applied dentin 
surface, which would lead to adhesive penetration of the demineralized surface. This 
zone of diffusion came to be known as the hybrid layer when the adhesive penetrates 
the demineralized dentin and results in complete or partial coverage of the dentin 
collagen and finally polymerizing. This phenomenon enables the collagen fibers of 
the hybrid layer to be engulfed within the polymerized resin, which helps in the 
protection against oral bacterial enzymes and fluids. However, it is widely accepted 
that this is not achieved completely. There have been a lot of voids and porosities that 
can be identified in different parts of the dentin hybrid layer which makes this 
diffusion zone as highly complexed structure which is sensitive to the bonding 
procedure and demineralization 
[116]
.   
The resin-dentin interface has been widely studied using morphologic 
techniques such as SEM analysis and bond testings. Several factors can lead to 
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inaccurate analysis of the quality of the resin-dentin hybrid layer due to presence of 
defective zones within the hybrid layer that may produce a failure on storage. 
Assessing the penetration of adhesive within the hybrid layer has been an indirect one 
due to the methods used 
[117]
. 
Raman spectroscopy has shown good promise in analyzing the biochemical 
and compositional structure of the tissue. It can help in quantifying the chemistry and 
molecular information at a resolution, which is absolute to the optical resolution. The 
laser within the spectroscope determines the spatial resolution of the particular 
specimen and identifying the specific positions of the functional groups at wave 
numbers in the Raman spectrum with their relative intensities. The greater advantage 
is that all specimens can be analyzed directly and within water or air at room 
temperature with almost no destruction of the sample. Raman spectroscopy analyzes 
the structure directly in situ without extraction or dilution of the specimen [118]. The 
effect of different dentin bonding systems on the smear layer results in 
micromechanical retention of the resin with removal of the smear plugs due to acidic 
conditioning. It is necessary to study and evaluate the degree of demineralization and 
the depth to which the resin infiltrates after polymerization. Due to the limited 
thickness of the hybrid layer, in particular to self-etching primers, the interface has to 
be analyzed at a higher resolution. This is where Raman spectroscopy comes in as a 
useful tool for the analysis of such structure. A very high spatial resolution is 
achieved as the acquired spectrums are related to molecules rather than elements and 
the laser is fixed to a very small spot size of (0.6 – 0.8 !m) 
[119]
. The Raman 
spectroscopy technique has quite a few advantages over the infrared spectroscopy. 
Raman spectroscopy analysis across the resin dentin hybrid layer shows Raman bands 
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according to the representative transitional changes within the hydroxyapatite and the 
resin monomer. The changes indicate the fact that the minerals are replaced by the 
resin component of the adhesive as it also depends on the type of adhesive system 
used. According to Raman analysis, the there is a gradual decrease of resin from the 
rein to dentin side within a hybrid layer due to gradient diffusion with the lowest 
amount of resin penetration in the deepest layer of the hybrid layer 
[120]
.   
 
 
7.5. Raman spectroscopy is an effective technique for the analysis of 
monomers and polymers 
 
Raman spectroscopy is an important and useful analytical tool for the 
evaluation of resins and polymers within the dental resins as the Raman analysis is 
sensitive to the vibrations of a number of functional groups of interest within the resin 
monomer adhesive. As mentioned previously, specimen preparation for the Raman 
analysis is minimal and is far less sensitive to moisture as compared to FTIR analysis 
and is important that the specimen surface is smooth and leveled. The argon ion laser 
usually measures upto 514 nm resolution with a laser output of (~8 mW) so that there 
is minimal thermal damage to the specimen 
[121, 122]
. Prolonged storage of dentin 
specimens should be avoided to minimize the effects of destruction of natural 
structures. In an acid demineralized specimen, the mineral components tend to be 
removed and there is no phosphate and carbonate peak at 960 cm-1 and 1070 cm-1 (Fig 
14). 
 While examining the adhesive spectrum, quite a few functional groups can be 
identified with C-O-C and 1610 cm-1 representing the aromatic compounds of 
BisGMA. The peak of CH2CH3 is at 1454cm-1 and is present in all monomers and 
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indicates the penetration of the resin monomer within the hybrid layer. Along with 
this, the peak at 1640 cm-1 indicates the aliphatic C=C and is a measure of uncured 
resin 
[123]
. Peaks at 1001 cm-1 and 1030-1040 cm-1 are notable in all adhesives and 
the dentin structure but do not identify any molecular structure. With all the spectral 
changes that occur due to the composition of the adhesive, it is the composition with 
depth analysis of the resin adhesive that is important as Raman presents relative 
















8. Resin bonding to Dentin 
Micromechanical bonding is the main stay in the effective seal of dental 
composite restorations although it still remains the weakest link within the restoration. 
The addition of acidic and hydrophilic resin monomers within the adhesive has lead to 
a vast improvement in bonding to the complex dentin structure
 [125]
. The biological 
properties and the tubular nature of dentin has indicated a more challenging bonding 
mechanism as compared to the enamel surface. Dentin is primarily hydrated, 
containing fluid filled dentinal tubules with a complex array of collagen fibrillar 
network present within the intertubular dentin. Dentin permeability is a vital factor 
affecting the bonding of resin and the permeability of dentin is not uniform 
throughout due to the difference in number of tubules/mm2. This also leads to the 
understanding that deep dentin appears far more different than superficial dentin due 
to the differences mentioned 
[126]
. The hybrid layers in superficial dentin is devoid of 
resin tags as compared to the deeper dentin, which is composed of a higher number. 
During cavity preparation, the dentinal tubules become hyperconductive and short, 
which results into a difficult task for resin bonding as a result of outward pressure and 
seepage of dentinal fluid. As tooth preparation ensues, the formation of smear layer 
results in filling of the orifices of the dentinal tubules that also result in a decreased 
dentin permeability, which is removed by acidic solutions. The vasoconstrictors in 
local anesthetics, the dentinal fluid viscosity, length of the tubules and the pressure 
gradient created can also affect dentin permeability. All these factors have established 




The application of phosphoric acid results in removal of smear layer and 
demineralization of 3-5 !m depth leaving behind exposed collagen fibers for potential 
interlocking of the resin monomers (Fig 15) which was earlier described by 
Nakabayashi. For comprehensive dentin bonding and durability, the resin should 
impregnate effectively within the collagen fibrils as a partial expansion of the 
collagen fibers can facilitate the monomer penetration. The resin tags eventually 
occupy the dentinal tubules complementing the adhesive retention as the top necks of 
the tubule orifices (5-10 !m) contribute most to retention 
[128]
. The collagen fibrillar 
network is a soft substrate and water is essential to prevent the collagen fibers to 
collapse. Air-drying, after acid etching and rinsing induces surface tension causing the 
collagen fibers to collapse and may result in a compact structure that may result in 
decreased penetration of the resin. In addition, presence of water within the 
interfibrillar spaces results in presence of spaces within the network 
[129]
. The 
presence of hydrophilic monomers and dissolved solvents (acetone or ethanol) in 
etch-and-rinse systems aid in the displacement of water molecules and penetrating the 
monomers within the dentinal tubules through the nano-spaces of the complex 
collagen fibrillar network. Consequently, the solvent can be removed by air-drying 
leaving behind a comprehensive layer of monomer.  In case of the dry bonding 
technique, water based primers are used that would expand and re-hydrate the already 
collapsed collagen network for the efficient diffusion of resin monomers 
[130]
.   
The wet-bonding technique is deemed successful only when all the remaining 
water on the dentin surface is removed by the monomers during the priming process, 
as the water may inhibit impede polymerization of the resin or would challenge the 
space to be occupied by the resin. The monomers will be diluted if excess water is 
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retained behind separating the components of the resin monomer, resulting in globule 
formation within the hybrid layer. There may be a possibility of over-wet and over-
dry regions leading to non-uniform resin impregnation, as it is difficult to uniform 
wetting of the gingival, pulpal and axial walls. This may be due to variations in the 
hydraulic conductance between deep and superficial dentin. It is clinically difficult to 
assess the required amount of wetness required for optimal bonding to prevent the 
collapse of the collagen fibers to avoid bond degradation. In the presence of a 
discrepancy between the demineralization depth and resin impregnation, there will be 
difficulty of the collagen fibers to be enveloped by the infiltrated resin making it 
vulnerable for enzymatic degradation 
[131]
. In order to have clinical longevity of the 
restoration, the interface between the resin and the dentin substrate is pivotal. 
However, the durability and long term stability is still questionable and is generally 
believed that resin dentin bonds to deteriorate over time as a result of different factors, 
such as enzymatic degradation and water nanoleakage. Once such strategy may be to 
increase the hydrophilic monomers within the adhesive, but may lead to unstable resin 
matrices as a result of resin leaching and water sorption. Thus the goal of creating 
good adhesion between the dental composite and the resin-dentin substrate may also 
pose a substantial problem leading to the deterioration of the resin-dentin hybrid 
layer. This can be due to a direct effect on the exposed, non-resin coated or collapsed 




Generally, dentin permeability is referred to the idea of tubular permeation 
also known as transdentin permeability. In addition, resin permeability is also due to 
the diffusion of adhesive monomers in between the dentinal tubules from within the 
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tubules and into the surrounding collagen. This is intradentin or permeability of the 
intertubular dentin. Collagen fibers are left exposed floating in water as a result of 
rinsing after acid conditioning. In case of dentin being etched more deeply, naked 
zones of collagen fibrils would be created in the deeper portions of the hybrid layer 




8.1.  Adhesive Systems 
In the middle of the past century, Oskar Hagger introduced the concept of 
adhesion in dentistry when they used glycerophosphoric acid dimethacrylate as an 
adhesive monomer 
[134]
. In early days, the concept of restorative dentistry included 
surgical removal of tooth tissue and supplementing with grooves and undercuts along 
with internal angles. The real adhesive restorations started when Micheal Buonocore 
introduced the concept of acid etching with conditioning of dentin and enamel. In 
recent times, adhesive dentistry is also employed in pediatric dentistry, prosthetics 
and orthodontics. 
The concept of adhesion was a derivative of adhaerere, a Latin word, which 
means to attach. The adhesive in the concept of adhesion is the adherent and the 
substrate onto which the adherent is attached is the adherend. The strength between 
the adherent and adherend is the bond strength providing durability over a period of 
time 
[135]
. There have been different theories to explain the concept of adhesion, 
which have been termed as mechanical, chemical, adsorption, electrostatic, and 
diffusive. In terms of mechanical adhesion, the concept is true for the fact that the 
adhesive materials penetrate in the voids and porosities and providing a micro-
mechanical interlocking. In case of chemical bonding, the atoms and molecules 
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interchange (ionic) and share the electrons (covalent) to form a bond. Adsorptive 
forces involve Van der Waals and London forces as a result of the attraction between 
two charged ions, either positive or negative. They have an average charge density 
with the positive and negative polarity being a part of the molecule and may stay there 
as a transient effect. Such forces involve random movement of molecules. In case of 
mobility and solubility of materials, there will be diffusion at the interface, which is 
most effective with polymer chains. The angle in between the substrate and the 
adhesive is termed as the contact angle Ø, which explains the degree of wetting. The 
wetting is favorable in case of low contact angle and unfavorable in vase of a high 
contact angle. 
The concept of contact angle and surface tension is explained by the following 
equation:  
                                        ŸSV = ŸSL + ŸLV cosØ 
where Ÿ is considered as the surface tension between the surfaces and S, L 
and V are the solid, gas and liquid substances. Any angle, which is less than 90o, is 
considered wettable. Furthermore, wettability is the pivotal factor for bond durability 




8.2.   2-Step-etch-and-rinse dentin adhesive 
Micheal Buonocore presented their pioneering work in adhesive dentistry by 
treating enamel with phosphoric acid that could help the resin infiltrate and produce a 
durable bond between the tooth substrate and the resin 
[138]
. The bonding of resin to 
the dentin substrate has become synonymous with the concept of hybrid layer 
formation. These etchants and resin impregnation are responsible for modification of 
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the dentin surface involving the dentin collagen fibrillar network which came ot be 
known as the ‘inter diffusion layer’.  
 The two-step etch-and-rinse includes a system where it has a separate etching 
system alongwith a separate combined priming and bonding step. They have been 
termed as a ‘Single bonding system’. One step had been removed and one limitation 
persists where wether there is good infiltration of the two-step rein into the 
demineralized etched dentin 
[139]
.  The two steps involve the hydrophobic and 
hydrophilic monomers being combined with the solvent in the same bottle which will 
enable the resin to have a modified chemical reaction which may have limited resin 
penetration and polymerization due to the presence of water within the collagen fibrils 
and may result in degradation of the resin-dentin interface or the hybrid layer over a 
specific period of time 
[140]
. HEMA or 2-hydroxymethyl methacrylate, is present 
within the two-step etch-and-rinse adhesive due to its excellent hydrophilic properties 
and is a potent adhesion promotor. However, in the cured and uncured states, this 
hydrophilicity may aid in absorbing water 
[141]
. The water within the hybrid layer 
can lead to hydrolysis of the interface due to the uncured state of the HEMA or 
hydrophilic properties after polymerization (HEMA). This leads to water treeing and 
more chances of adhesion breakdown and degradation 
[142]
. The percentage of 
hydrophilic monomers within the two-step etch-and-rinse adhesives is more; the 
permeability factor is more after the polymerization and thus exhibiting far more 
areas of water islands within the hybrid layers. Much recently, hydrophilic monomers 
such as HEMA have been reduced within the final composition and have been 




 A very important component of the adhesive is the solvent and the most 
commonly used ones are water, ethanol and acetone. The presence of solvent assures 
the diffusion of monomers within the etched dentin and once done, should be 
eliminated as the presence of solvents may lead to dilution of monomers and 
degradation of the hybrid layer; but within the clinical time, the solvent may persist 
and pose clinical problems 
[144]
.    
 
8.3. Self-etch adhesive system – a drive for simplification 
An approach had been adopted to increase the acidic monomers in water-
HEMA primers to sustain the dry-bonding technique in order to decrease the sensitive 
technique deployed in wet-bonding technique. This system also enabled to simplify 
the bonding process by eliminating steps clinically and some technique sensitive 
issues of the two-step etch-and-rinse. Hence the moisture level of dentin is not 
considered a vital issue as the resin infiltration is considered increased upto the same 
depth as dentin demineralization 
[145]
.  Due to their contents, self-etch adhesives are 
increasingly hydrophilic due to higher concentrations of hydrophilic and ionic 
monomers. High amounts are also found in the formulation to break the methacrylate 
monomers (acidic) to a more permeable ionic form for better impregnation within the 
smear layer and the demineralized dentin. Due to increased hydrophilicity, such 
adhesives become more permeable and may be incapable to seal the dentin surfaces 
and may result in water sorption and there is lowering of the mechanical properties. 
The higher content of hydrophilic monomers, although produce a stronger polymer 
network; they can merge before polymerization and form water channeling trees. 
These channels permit the movement of water towards the dental composite and 
! **!
adhesive interface as the osmotic gradient is formed due to the dissolved ions present 
within the oxygen inhibited layer attracting water and further forming water blisters. 
In presence of water droplets on the polymerized adhesive, emulsions are formed 
which appear as resin beads along the resin-dentin interface. Hence, it can be 
suggested, that by reducing the bonding steps and increasing the hydrophilicity may 
not substantially improve the quality of the resin-dentin bonds as the water sorption 
mentioned may significantly impart degradation within the hybrid layer 
[146]
.    
 
8.4. Hybrid layer formation and degradation 
Resin monomers along with the dentin substrate result in the formation of a 
stable and homogenous resin dentin hybrid layer (Fig 16). Resin dentin hybrid layer 
formation is considered as the most established theory of resin dentin bonding 
mechanism. The resin monomers have the ability to impregnate the demineralized 
dentin substrate in the etch-and-rinse strategy 
[147]
. Both physical and chemical 
factors are involved in determining the longevity of the resin dentin hybrid layer in 
particular the physical forces such as occlusal stresses and repeated stresses as a result 
of temperature changes. In addition, the chemical agents within saliva, food or 
bacterial products have the ability to challenge the hybrid layer. As we know, that the 
resin dentin hybrid layer is a combination of hydroxyapatite, resin monomer and 
solvents and the organic portion of the dentin substrate, it is still subjected to a 
degradation effect due to the well-known phenomenon of aging 
[148]
. Dentin is a 
complex tissue of organic and inorganic content that has a variant structure across its 
whole depth with presence of saturation of water and oxygen. The chemical 
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evaluation at the interface area led to the understanding that the resin tags formed 
were purely resin but at the end, the monomers had actually impregnated within the 
interprismatic substrate of the dentin substrate, to form an interface that came to be 
known as the ‘hybrid layer’ (Fig 17). The hybrid layer is resistant to acids even when 
treated with HCl 
[149]
. It is the durability and strength of this hybrid layer that is 
largely responsible for the success of the resin-based restorations in adhesive 
dentistry. The break down of the hybrid layer is primarily due to the addition of water 
in the ester bonds and loss of resin monomers through the water channeling trees 
suggesting that the hybrid layer is a semi-permeable membrane constituent 
[150]
. The 
resin present within the hybrid layer is responsible for coating the collagen fibers 
within the layer as much as possible to protect its degradation. As a result of acid 
etching, and demineralization of the dentin collagen, the exposed collagen fibers 
remain unprotected. Due to incomplete water removal, from the substrate, there may 
be partial infiltration of resin monomers within the hybrid layer. Therefore, in any 
kind of adhesive system employed, the collagen fibrils and the hybrid layer itself 
remains vulnerable to degradation to host derived proteinases 
[151]
.  
Matrix meralloproteinases are zinc and calcium related endopeptidases 
responsible for the proteinous degradation of the hybrid layer and the extracellular 
matrix and are also responsible for prevalence of dentin caries. MMPs get activated 
due to the presence of some acids and water and remain trapped in the dentinal matrix 
during tooth development. The acid activation may be due to the acidity produced by 
the growing bacteria during caries formation or any acidic products used in the 
adhesives systems such as acidic monomers or phosphoric acid for tooth surface 
etching. In a mineralized state, the MMPs or matrixins remain inactive and 
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surrounded by extra and intra fibrillar crystals. It is due to the phosphoric acid used, 
that these fibrillar crystals get removed resulting in more exposure of dentin collagen 
and less increased activation of the MMPs. The MMPs are inherently inactive 
zymogens that can be activated by inhibiting the interaction between Zn2+ and 
cysteine and is commonly known as the cysteine switch. Human MMPs are divided 
into six groups of gelatinases, stromelysins, collagenases, membrane type and 
matrilysins. MMPs also have the capability to convert non-collagenous proteins into 
signaling molecules for cell proliferation and differentiation 
[152]
. MMPs (1, 2, 8, 13) 
break down the collagen helical structure into fragments that are further degraded by 
the gelatinases. The MMP1 is responsible for unwinding the collagen fibril to expose 
the fibril and allowing the enzyme to breakdown the chains. As the breakdown 
continues, the collagen fibrils distal to the initial breakdown also get further degraded 
by the MMP enzymes. The alpha peptide helical chain molecules are broken down by 
the MMPs (Fig 18) at the Glycine site 
[153]
. 
MMPs can also be regulated by the presence of certain inhibitors present in 
the tissues and are responsible for the decreasing the activity of the MMPs and also 
negate pro-MMP activation. The active site of Zn2+ can be replaced by the tissue 
MMP inhibitors, which result in the inactivity of the MMPs. Within the dentin-pulp 
complex, the MMPs are found and are responsible for organizing the extracellular 
matrix 
[154]
. It is an established fact that MMP2 is one of the most important MMP 
involved in degradation of collagen found within the dentin matrix. The presence of 
adhesives has the ability to activate the enzymes within the dentin 
[155]
.    
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Cysteine cathepsins are manufactured as inactive zymogens by an 
autocatalytic process of endosomal acidifying and is accelerated by the 
glycoseaminoglycans. The cathepsins are unstable in a neutral pH but more active in 
an acidic environment except for cathepsin S which is more stable in an alkaline 
environment. Cathepsins are also responsible for bone remodeling and cathepsin K is 
the one that has the highest amount of expression of osteoclasts and odontoclasts 
responsible for collagen destruction. Acidic environment promotes the collogenolytic 
activity of the cathepsins leading to degradation of Type I collagen. Cathepsin B has 
been found in dentinal tubules as the activities are found in both carious and intact 
dentin. The activities of cysteine cathepsin remains altered within the carious dentin 
as the activity is increased in caries demineralization 
[156]
. The noncollagenous 
proteins have the ability to bind to the MMPs with apatitic nanocrystals, making the 
MMPs non functional. After the resin infiltration, the MMPs do become active 
splitting the peptide bonds and cleaving the collagen into fragments. The absence of 
water makes the MMPs inactive. For instance, the resin dentin bond incubation within 
water has more detrimental effects on the bond strength as compared to the specimens 
kept in oil. In condition like caries or acid etching, the MMPs do get activated as 
these are low pH conditions and can result in destruction of the adhesive interface. 
MMP-8 is considered as the important protease that can result in destruction of Type I 
collagen of the dentin into & segments 
[157]
. The MMPs bind to the collagen site, 
which is closer, their catalytic site known as the hemopexin-like or fibronectic 
domains. The cysteine thyol combines with the zinc ion in the catalytic site to make 





The resin dentin hybrid layer can degrade as a result of the destruction of the 
collagen fibrillar network and the hydrolysis of the resin monomer leading to 
reduction in the micro-tensile bond strength of the adhesives. Water gets added to the 
ester bonds breaking down the covalent bonds what came to be known as hydrolysis 
and is the foremost reason of resin-dentin bond degradation. Therefore, this hydrolytic 
degradation happening in the presence of water molecules and the hydrophilic nature 
of the adhesives are all related. It is the semi-permeable nature of the hybrid layer that 
allows the free flow of water through the hybrid layer even after the polymerization of 
the adhesive. Water blisters can also be produced on the adhesive layer as a result of 
the osmotic pressure built by the hydrophilic resin monomers. The water content of 
the resin interface can lead to destruction of collagen and the resin making water as 
the major source of destruction. The main destruction of the collagen fibrils gives the 
idea that there are many exposed collagen fibrillar network. Adhesive bonding is 
responsible for the encapsulation of the collagen fibrils within the hybrid layer further 
protecting it from hydrolytic degradation 
[159]
. 
The Type I collagen fibrils are connected by minor branches to form an 
important backbone for the extracellular matrix within the dentin matrix and is further 
stabilized by the presence of proteoglycans which has a core glycosaminoglycans 
attached to it. Thus the proteoglycans, due to their water organizing capability provide 
a three dimensional appearance to the dentin structure and also lead to water 
replacement within the hybrid layer when it is formed. As the phosphoric acid 
demineralizes the collagen surface, the collagen fibrils are exposed and they need to 
maintain their structural and physiological integrity. The exposed collagen surfaces 
after acid etching are susceptible to some other factors such as the residual adhesive 
solvent and water. Dentin proteolytic enzymes have the capability of degrading the 
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collagen fibers within the hybrid layer and is an evidence of the activity of MMPs 
[160]
.  
It is when the adhesives are applied to the dentin surface, the water should be 
replaced by the solvent monomers and engulf the collagen fibers within an 
interfibrillar space of 1.26 -1.33 nm range. The adhesive monomers have an ~ 
diameter of 2 nm, therefore may not be big enough to penetrate the interfibrillar 
spaces and completely infiltrate. The lower vapor pressure created by the adhesive 
monomer diffusion within the collagen fibers negate the evaporation of the water 
molecules. It also the presence of proteoglycans within the spaces that also stop the 
complete infiltration of the resin. Furthermore, it is an established fact that the closely 
arranged collagen fibers make it difficult for the adhesive monomers to diffuse within 
the dentinal matrix or the hybrid layer. For better penetration, the surface energy of 
the collagen fiber needs to be altered by the presence of low viscosity resin adhesive 
monomers. In case of absence of complete infiltration of the monomers mentioned, 
there may be formation of nano spaces, which will increase the penetration of water 
molecules, which results in a simultaneous destruction of the ester bonds within the 




8.5. Crosslinking and reinforcement of dentin collagen 
There are several factors that reduce the longevity of the resin-dentin interface 
leading to degradation. Some of the factors play important and decisive roles in 
particular when simplified adhesives are employed onto the dentin substrate. Some of 
the factors involved in reducing the life span of a restoration include enzymatic 
degradation of the hybrid layer, phase separation, inefficient resin penetration and 
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increased permeability of the resin-dentin interface. The quality of the resin dentin 
hybrid layer is responsible for maintaining bond durability as compared to the 
morphology or thickness. The quality of the hybrid layer is determined by ensuring 
proper impregnation of the resin within the dentinal substrate 
[162]
. Some of the 
common techniques to improve bonding durability and strength include the use of 
MMP inhibitors and collagen crosslinkers on the demineralized dentin surface. In 
addition, agitation of the adhesive while application, double application, hydrophobic 
layer application, and deproteinization of acidified dentin surface are some of the 
ways to enhance the longevity of the dentin surface 
[163]
.  
There has been a wide spread use of protease inhibitors to counteract the 
collagenolytic activity found endogenously. This helps in long-term preservation and 
stability of the resin-dentin hybrid layer. Chlorhexidine had been previously used as 
an intracanal irrigant in endodontics and has proven antibacterial action. It has a 
potent action against MMP2, 8 and 9 in lower concentrations and can reduce collagen 
degradation due to its anti-enzyme and MMP inhibitory properties. This affect is seen 
in low concentrations of chlorhexidine as a result of cation-chelating mechanism. Ions 
such as calcium and zinc inhibit the catalytic points within the MMPs, inhibiting their 
actions. At higher concentrations of chlorhexidine, MMPs are still inactivated as a 
result of denaturation of proteins rather than the reason suggested 
[164]
. Some of the 
other MMP inhibitors include epigallocate-chin gallate (green tea polyphenols), third 
generation biphosphonates and galardins. Some of the antibiotics like tetracyclines, 
including minocyclin and doxycyclin, also have the ability to impede MMP-1, 2 and 
12, making them inactive. 
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The stabilization of dentin collagen fibrillar network through the use of 
collagen crosslinkers have made a marked impact in the development of adhesive 
dentistry as work had been focused on improving the bonding agents and techniques. 
The improvement in bond strength and durability is of clinical relevance as the dentin 
collagen is stabilized with the help of crosslinking agents to increase the mechanical 
properties. Amongst all types of collagen known, collagen Type I is the mainstay in 
the dentinal matrix providing the cohesiveness, tensile strength and form. Chemical 
and synthetic crosslinkers like glutraldehyde have been widely used to stabilize 
collagen matrices with some disadvantages of toxicity 
[165]
.   
Carbodiimides have also been suggested as crosslinking agents having no 
potential toxicity effects to preserve the collagen structure. They have the ability to 
activate carboxylic acids to form O-acylisourea forming an amide link between lysine 
or hydroxylysine. They are considered as zero length cross linkers where the 
crosslinking of peptide happens without producing additional linking groups. 
According to Pashley et al., carbodiimides have the ability to inactivate the 
proteinases within the demineralized dentin matrix with an application upto one 
minute. The covalent bonds formed are considered stable and in particular, its use in 
acid etched dentin will retard the hydrolysis of resin monomer, which is an integral 
component of the dentin hybrid layer 
[166]
.          
The photoxidative crosslinking observed with riboflavin was carefully 
evaluated with a combined application or riboflavin containing primer. The pre-
treatment of riboflavin before resin bonding increased the immediate bond strength 
values. There was significant decrease in interfacial nanoleakge with inhibition of 
zymographic activities of MMPs. The riboflavin/UV pre-treatment has a potent effect 
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in inactivating MMP-9. This effect was suggested due to a direct crosslinking of the 
MMPs and improving the mechanical resistance to degradation by physically 
crosslinking the dentin collagen. Therefore, MMP-9 inhibition due to riboflavin 
activity maybe the reason for increased durability of the dentin hybrid layers. The 
covalent bonds involved in the collagen crosslinking are stable over time. MMPs are 
known to bind irreversibly to crosslinkers and they do not turn over within the dentin 
collagen matrix. Therefore it is suggested, that crosslinkers such as riboflavin may 
last for longer periods of time and may be considered as better options than most 
effective inhibitors known 
[167]
















9. Hypotheses and Aim 
In this study, as a potential determinant, it was hypothesized that the incorporation 
of organic crosslinkers such as riboflavin and chitosan as a pre-treatment or 
incorporating riboflavin in experimental or commercially available two-step etch-and-
rinse by changing the wt% of the crosslinker had brought significant changes in the 
stability of the dentin collagen network along with effect on resin impregnation.  
 
Accordingly, this study was divided into the following phases with specific aims and 
hypotheses: 
Phase I: Effect of Chitosan/Riboflavin modification on Dentin/Resin Interface: 
Spectroscopic and Microscopic Investigations 
 
The aim of this study is to investigate the morphological and chemical 
changes of demineralized dentin collagen-matrix and resin/dentin interface associated 
with riboflavin and chitosan/riboflavin modification by SEM and micro-Raman 
spectroscopy. 
Chitosan has known versatile properties of non-toxicity, biodegradability and 
biocompatibility due to the presence of NH2 groups within the chitosan backbone. It 
has presence of amino groups at the C-2 positions, which give its versatile properties 
as mentioned. The presence of reactive amino groups provide the crosslinking effect 
within the collagen fibers that can help in increasing the mechanical properties and 
can immobilize the degrading enzymes. Chitosan, having structural characteristics 
similar to glycosamino glycans, could be considered for developing such substratum. 
With its refinement of crystalline structure, chitosan shows improved inter and intra 
molecular hydrogen bonding which can promote crosslinking in presence of the 
amino groups as mentioned. Riboflavin treatment under UVA result in resistance to 
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enzymatic digestion of the collagen matrix due to the crosslinking effect, which is 
carbonyl dependant as the crosslinks are glycation end products. When 
photoactivated, riboflavin has the ability to produce free radicals, which has its 
significant use in corneal crosslinking resulting in significant biomechanical 
properties. Riboflavin has been known to affect dentinal MMPs by inhibiting their 
activities and also resulting in increasing bond strength and increasingly stabilizing 
the adhesive interface. Due to its biocompatibility and ease of use, riboflavin has been 
proven to have great potential in adhesive dentistry. 
   
Phase II: Riboflavin-modified experimental two-step etch-and-rinse dentin 
adhesive: an in vitro Study  
 
The aim of this study was to modify two-step experimental etch-and-rinse 
model dentin adhesive with different concentrations of riboflavin (RF) and to study its 
effect on the bond strength and durability to dentin and on the degree of conversion of 
the experimental adhesives. The null hypotheses are; modification of the experimental 
adhesives with RF improves the micro-tensile bond strengths after 24 h and 9-months 




Phase III: Investigation of the resin-dentin interface using riboflavin-modified 
adhesive: Raman and Confocal microscopy analysis.  
 
The aim of this study was to investigate whether incorporation of different 
concentrations of riboflavin within the adhesive can improve resin penetration within 
the resin-dentin interface. The null hypothesis to be tested is that; modification of 
adhesives with different concentrations of riboflavin will have no significant 
difference on resin infiltration. 
! ""+!
10. Materials and Methods 
10.1. Phase I (Materials and Methods) 
Forty-five sound human molars (age range of 21–35 years) were stored after 
extraction in solution of deionized water and thymol (0.1%) at 4oC 
[168]
 for no more 
than one month from the start of the experiments. The extracted teeth were not labeled 
at any time to protect the confidentiality of the patient. The thymol crystals are a 
useful antimicrobial component of consumer health care products. It is a distinct 
isolated chemical compound, which has proven antibacterial, antifungal and 
antimicrobial substance damaging the cell walls of microorganisms and inhibiting 
bacterial growth 
[169]
. The teeth used in the study were approved by the Institutional 
Review Board of the National University of Singapore. Twenty-seven teeth were used 
for micro-Raman analysis and the remaining 18 teeth were saved for SEM analysis. 
Chemicals used in this study, included riboflavin (RF) were purchased from Sigma-
Aldrich unless otherwise stated, whereas chitosan (Ch) was purchased from Fluka. 
 
Preparation of the chitosan and/or riboflavin solutions 
Solution of chitosan in acetic acid was prepared as described by Rinaudo et al 
[170]
. Briefly, chitosan was purified and reduced to lower molecular weight by 
dissolving it in 0.1-mol/L acetic acid, filtered, and precipitated three times in 0.1 
mol/L NaOH at pH ~ 8. Then the solution was filtered through 1.2-!m cellulose 
membrane. The precipitate was washed with ethanol/water mixtures (70/30 v/v). The 
chitosan powder obtained was freeze-dried and then solutions of chitosan (0.1%) were 
prepared in acetic acid (0.1 mol/L) at room temperature. A given weight of chitosan 
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(30 mg) was added to 20 mL of acidic solution and stirred at room temperature in a 
shaker to obtain a clear solution. The equilibrium was established after 24 h and 
controlled with pH measurements (Orion 8102, USA). Riboflavin (0.1%) was 
prepared by mixing 0.1% riboflavin-5-phosphate (2 mmol/L) dissolved in distilled 
water.13 Solutions of chitosan and riboflavin were mixed in different ratios to get the 
required volume ratio (v/v) as shown in Table I. The 0.1%RF was added drop wise to 
the chitosan solution for 15 min. The preparations were homogeneously mixed for 12 
h under dark conditions and left undisturbed at room temperature for another 1 hour. 
Tween 80 (Sigma Ultra, P8074), a resuspending agent, having specific gravity of 
1.07, was added to avoid aggregation of chitosan particles 
[171]
.  
The pH was further maintained to ~6 in order to maintain separation of 
chitosan particles by adding 1N NaOH to minimize any side effect due to chitosan 
particles aggregation 
[172]
. However, the solution was further filtered to remove any 
insoluble clumps that could be left in the solution. Accordingly, the dentin collagen 
matrices were modified with either; RF (0.1%) only, Ch/RF (1:4 v/v), and Ch/RF (1:1 
v/ v). The control group was non-modified and only exposed to deionized water.  
The formation of different solutions of Ch/RF at different ratios has been 
followed by important parameters such as polymer properties of solubility between 
the chitosan and riboflavin solutions. It seemed more difficult to produce chitosan and 
riboflavin mixtures due to the limited solubility of chitosan particles in different 
organic solvents. The chitosan solution dissolved with riboflavin at different ratios 
were checked for homogeneity with no chitosan particles or films left behind that 
could delay or inhibit the effect of UVA on riboflavin. Our findings suggested the 
suitable ratios selected mixed at room temperatures with stirring at 300 rpm until 
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equilibrium was achieved with minimal chitosan aggregation at the required pH. 
Furthermore, to avoid this chitosan aggregation and complete solubility with 
riboflavin, the chitosan volume ratio was set to be constant and the mixing ratio of 
riboflavin were set to 1 and 4 parts (v/v) ratio. Riboflavin concentrations of 2 and 3 
parts ratio in chitosan solution were closely related to solubility and amongst the four 
different ratios to be tested, CH/RF 1:1, CH/RF 1:2, CH/RF 1:3, CH/RF 1:4; the 
solutions with 1:1 and 1:4 had produce continuous and uniform solutions. Uniform 
solutions were stabilized at the particular ratios used with no significant change seen 
in solutions used at CH/RF 1:2 and 1:3 ratios. With an increase in riboflavin ratio 
beyond CH/RF 1:4, the solution seemed to change with thread like riboflavin fibers 
seen with chitosan entanglements resulting in non-homogenous solution. Therefore 
CH/RF solutions at 1:1 and 1:4 ratios were the most suitable for uniform and 
homogenous solutions used for crosslinking on the dentin specimens.        
 
Disc specimen preparation and modification for surface analysis 
The surface analysis of the demineralized dentin was performed by SEM and 
micro-Raman spectroscopy. The inclusion criteria of teeth comprised of molars, 
which were of similar age range, size, and shape. The teeth which had undergone any 
regressive alterations like caries, fracture or attrition were excluded. The teeth were 
cleaned from soft tissue debris and stored in distilled water for 24 h before subjecting 
to further treatment. Occlusal enamel was removed perpendicular to the long-axis of 
the teeth with a low-speed diamond saw (Buehler, Lake Bluff, IL) under water-
cooling until the mid-coronal dentin surface was exposed 1 mm below the DEJ. The 
discs, had an approximate thickness of 1 mm, and were cut parallel to the exposed 
dentin surfaces. The dentin discs were later cut into four equal quadrants and were 
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attached to a stainless steel disc-shaped metal support (12 mm in diameter) with 
cyanoacrylate adhesive (Zapit, Dental Ventures of America, Corona, CA). The dentin 
specimens were wet-grinded with 600 grit-size silicon-carbide polishing papers 
(Carbimet; Buehler, Lake Bluff, IL) to produce standardized smear layer. The 
polished specimens were rinsed ultrasonically in distilled water for 15 min. 
Specimens from each tooth were randomly allocated into experimental (modified) and 
control groups (nonmodified) for SEM and micro-Raman spectroscopy investigation. 
The dentin surfaces were etched for 15 s with 35% phosphoric acid (3M 
ESPE) and rinsed with distilled water for 5 min. Excess water on the specimens was 
removed by gentle blotting with absorbent paper (Kimwipes, Kimberly-Clark 
Professional, Roswell, GA) for 5 seconds leaving the dentin surface visibly moist and 
a glistening surface. Then the experimental groups were treated with the respective 
modification solutions. The specimens, after 2 min application (10 !L was applied 
through micropipette) of the modifying solutions, were photo-activated by UVA (368 
nm wavelength) at 5 mW/cm2 for another 2 min using a UV light source (Dymax, 
Blue Wave, 75 UV curing light spot) placed 1 cm distance from the dentin surface 
with a spot size of 7 mm. In the control, the specimens were prepared as in the 
experimental groups except no cross-linking and photo-activation were done. 
 
Specimen preparation and bonding procedure for interface analysis 
 
The occlusal enamel was removed and a standardized smear layer was created 
as mentioned previously. The prepared dentin surfaces were acid etched and modified 
or exposed to deionized water (control) as mentioned previously. An etch-and-rinse 
dentin bonding system (AdperTM Single bond 2; 3M ESPE, USA) was applied 
according to the manufacturer’s instructions to the modified and control dentin 
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surfaces. Briefly, two consecutive coats of the dentin adhesive were applied to the 
dentin surface for 15 s; gently air dried for 5 s and photo-polymerized at room 
temperature by dental blue light curing-unit (Curing Light 2500; 3M ESPE, MN) for 
10 s at a distance of 10 mm away from the surface with an output of 600 mW/cm2. A 
build-up of restorative composite material (Filtek Z350 XT A3; 3M ESPE, USA) was 
applied at 2 mm thickness increments to obtain a 4 mm height, each cured with same 
blue light curing unit for 20 s. Specimens were stored for 24 h in distilled water at 
37oC to complete the polymerization reaction before sectioning. The specimens were 
sectioned perpendicular to the bonded surface for exposing the adhesive interface to 
obtain dentin slabs of 1 mm thickness. From each tooth, 2–3 slabs were obtained from 
the mid-coronal dentin. One half of the specimens were trimmed to a rectangular 
block; two pieces were taken from one adhesive specimen. The resin/dentin slabs 
were wet-polished with increasing grit sizes (600–2500) SiC papers (Carbimet; 
Buehler, Lake Bluff, IL) and rinsed with distilled water for 10 min under ultrasonic 
agitation. The polished surfaces were dried using absorbent paper (Kimwipes, 
Kimberly-Clark Professional, Roswell, GA) by gentle blotting for 5 seconds leaving a 




The dentin disc specimens (n = 5 for each group) with a diameter of 4 mm 
were used to study the structure of the dentin collagen fibrillar network. Sections with 
flat and sound dentin on either surface were used. Prior to application of the bio-
modification solutions, the dentin discs were marked on the lateral and opposite sides 
with diamond saw to facilitate the SEM analysis. The resin/dentin slabs (n = 5 for 
each group) were used to study the interface morphology. The resin/dentin slabs were 
! ""&!
etched with 35% phosphoric acid gel for 15 secs, rinsed with distilled water for 
another 15 secs, air-dried, immersed in 5.25% sodium hypochlorite solution for 20 
min and washed thoroughly with distilled water for 5 min. All specimens were 
dehydrated in ascending grades of ethanol and immediately transferred to the pressure 
chamber of the critical point drying machine (CPD 30; Leica).  
Specimens were then mounted on aluminum stubs with conductive tape 
(double-sided carbon tape) in such a way that they could be observed in a cross-
sectional view and sputter coated with 30 nm-thick layer of gold-palladium alloy for 
120 secs. After gold sputtering, the specimens were viewed using SEM (Philips/FEI 
XL30 FEG SEM), operated at an accelerating voltage of 10 kV at different 
magnifications. During the SEM analysis of each disc specimens, three images were 
obtained from the center of each quadrant. The images, viewed on the monitor were 




The biochemical changes associated with dentin collagen modification (n = 5 
for each group) and the depth-analysis of resin infiltration at resin/dentin interface (n 
= 5 for each group) were characterized by micro-Raman using JY LabRam HR 800 
Raman spectrometer (Horiba Jobin Yvon, France) system equipped with Leica lenses 
and curve-fitting Raman microscopic software (Labspec 5). After zero calibration of 
the micro-Raman, the specimens were analyzed using the following micro-Raman 
parameters: 785 nm excitation wavelength and power < 500 !W at 100x objective. 
The optical microscope was used to visually identify the position at which the Raman 
signals were obtained from dentin. The 100x objective, used for the precision of the 
chemical data with a laser spot diameter size of 2 !m, was focused on the specimen
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(placed on a glass slide) at different locations in the intertubular dentin of the disc 
specimens by using a computer-controlled x-y-z stage to induce the Raman scattering 
effect. Specimens of demineralized dentin collagen; chitosan and cured adhesive bond 
(AdperTM Single bond 2; 3M ESPE) were also analyzed for generation of standard 
spectra (Fig. 1). The exposure time on each scan was 60 secs. 
Line scans across each resin/dentin specimens were obtained in the regions of 
the bonded interface starting in the dental composite region (on the left), across the 
resin/ dentin adhesive interface and ending onto the dentin side (on the right). The 
scans were acquired in steps of 1 !m using the x-y-z stage and obtained over the 
spectral regions from 700 cm–1 to 1800 cm–1.The measurements were done two times 
for each specimen to confirm the reproducibility of the technique. The intensity of 
peak 960 cm–1, which is the representative of the mineral content of normal dentin by 
PO4 vibration; 1667 cm–1 and 1246 cm–1 
[173]
 representative of the organic content of 
dentin by Amide I and III respectively, were taken as standards (Fig. 19), to compare 
the readings of the same peaks after surface treatment and after resin infiltration and 
bonding, to analyze the changes in the organic and inorganic components in the 
dentin specimens. 
The line mapping of resin infiltration of the control and the bio-modified 
demineralized dentin specimens were plotted by calculating the Raman intensity at 
1450 cm-1 CAH alkyl group 
[174]
 as a function of the perpendicular position across 
the bonded interface. Means and standard deviations of the Raman intensities at 1450 
cm-1 C-H alkyl group were calculated for the different groups at the different 
locations and statistically analyzed by two-way ANOVA followed by Tukey’s test for 
multiple comparisons between groups at different locations. p-values less than 0.05 
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were considered significant. 
 
10.2. Phase II (Materials and Methods) 
Forty-seven sound human molars (age range of 21-35 years) were stored after 
extraction in solution of de-ionized water and sodium azide (0.2%) at 4oC to inhibit 
microbial growth and used within one month from the start of the experiments. The 
teeth used in the study were approved by the Institutional Review Board of the 
National University of Singapore. Twenty teeth were used for SEM analysis of the 
resin-bonded specimens, and the remaining twenty seven teeth were saved for micro-
tensile bond strength (!TBS) analysis. Chemicals used in this study, included 
riboflavin 5’-monophosphate (RF); 2, 2 Bis [4-(2-hydroxy-3- methacryloyl oxyproxy) 
phenyl] propane; 2-Hydroxy ethyl methacrylate (HEMA); Ethanol; Camphorquinone; 
ethyl (4-dimethyl amino) benzoate; and diphenyliodonium hexa fluorophosphate 
(DPIHP 1.0 wt %) were purchased from Sigma-Aldrich unless otherwise stated.   
 
Preparation of RF-modified experimental resin adhesives !
Experimental two-step model dentin adhesives were prepared as described 
previously 
[175]
. The ingredients were weighed using a precision balance (Gold Bell 
Weigh System, Singapore). The experimental adhesive system is based on 2, 2 Bis [4-
(2-hydroxy-3- methacryloyl oxyproxy) phenyl] propane (Bis- GMA), and 2-Hydroxy 
ethyl methacrylate (HEMA) at a mass ratio of 60/40.  Ethanol was added as a solvent 
at a concentration of 30% by weight. Three-component visible light photoinitiator 
systems were used: Camphorquinone (0.5 mol %), ethyl (4-dimethyl amino) benzoate 
(EDMAB, 0.5 mol %), and diphenyliodonium hexa fluorophosphate (DPIHP 1.0 wt 




concentrations of photo-initiators were calculated with accordance to the total amount 
of monomers present.  
The reactions were done in a three-necked flask accompanied by a magnetic 
stirrer (SA300, Sansyo, Tokyo, Japan) and a reflux condenser. The Bis-GMA, 
HEMA, and the visible light photo-initiators were added to the ethanol in the flask 
and warmed slightly to obtain a greater efficiency in the mixture. To avoid 
spontaneous polymerization from ambient light, the ingredients were mixed under red 
light in darkroom and the ingredients were kept closed all times while the additions 
were done.        
         The fabricated model adhesive was left without any modification as a control 
group or modified with riboflavin of wt% of 1.0, 3.0, 5.0 and 10.0 as experimental 
groups. The powder was added directly to the ethanol solvent with respect to the 
monomer. Shaking and the sonication process helped to yield a well-mixed 
RF/solvent/monomer solution.  After the completion of the reaction, the product was 
centrifuged and a complete homogenization of ingredients and dissolution was 
confirmed visually. The experimental adhesives prepared were stored at 4oC and used 
within two weeks. 
 
Preparation of artificial saliva for specimen storage 
An artificial saliva storage medium was selected to store the specimens for 9-
months for further analysis. Artificial saliva was prepared by dissolving the salts in 
900 ml of H2O, which was adjusted to pH 7.4 using a diluted solution of KOH. The 
ingredients included MgCl2.6H2O, CaCl2, sodium azide, KCl, and herpes buffer that 





Specimen preparation and bonding procedures 
Figure (20) shows schematic diagram for tooth preparation, bonding, 
composite build up, storage time and micro-tensile bond testing. The occlusal enamel 
of the molars were cut perpendicular to the long-axis of the teeth with a low-speed 
water-cooled diamond saw (Buehler, Lake Bluff, IL, USA) until the dentin surface 
was exposed 1 mm below the DEJ. The dentin appeared yellow with minimal 
evidence of translucency 
[178]
. 
          Double-sided adhesive tape (0.10-mm thickness) with a 5.0-mm opening was 
attached to the dentin surface to approximate the bonding area. A transparent acrylic 
tube with similar diameter and of 5 mm height was placed on the peeled adhesive tape 
exposing the dentin surface that were etched with 37% phosphoric acid gel (3M ESPE 
Scotchbond TM) for 15 seconds and than rinsed with deionized water for 20 secs. 
Excess water was removed from surface using damp cotton pellet leaving the dentin 
surface visibly moist. Two consecutive coats of each prepared experimental dentin 
adhesive were applied to the dentin surface for 15 secs using a micro-brush passively; 
gently air-thinned for 5 sec to remove the excess solvent. A magnifying lens was used 
to ensure that all bonding surfaces appeared covered with the adhesives prior to 
polymerization. Photo-polymerization was done at room temperature by dental blue 
light curing-unit (Curing Light 2500; 3M ESPE, MN, USA) for 20 seconds at a 
distance of 10 mm away from the surface with an output of 600 mW/cm2. Resin 
composite (3M ESPE, Filtek TM Z350 XT) was applied in four increments. The first 
increment was applied in less than 0.5 mm thickness into the acrylic tube to reduce 
the effect of polymerization shrinkage. All increments were light cured for 20 
seconds. The specimens were stored in artificial saliva (5 ml; Wataha et al) for 24 h at 
37oC to complete the polymerization reaction. In addition, some of the specimens 
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were stored in artificial saliva (5 ml; Wataha et al) for 9-months at 37oC to further 
evaluate in SEM after the aging period. The artificial saliva solution was periodically 
changed after every 24 hours. 
 
 SEM observation of resin-dentin interface  
The specimens were sectioned perpendicular to the bonded surface for 
exposing the adhesive interface to obtain resin-dentin slabs of 1 mm thickness. From 
each tooth, 2-3 slabs were obtained from the mid-coronal dentin. The resin-dentin 
slabs were wet-polished with increasing grit-sizes (600 to 2500) SiC papers 
(Carbimet; Buehler, Lake Bluff, IL, USA) and rinsed with distilled water for 10 min 
under ultrasonic agitation. The polished surfaces were dried using absorbent paper 
(Kimwipes, Kimberly-Clark Professional, Roswell, GA, USA) by gentle blotting for 5 
seconds leaving a glistening surface. The slabs from each group were randomly sub-
divided, to be viewed after 24 h or 9 months of storage in artificial saliva.  
  The resin-dentin slabs were etched with 35% phosphoric acid gel for 15 sec, 
rinsed with distilled water for 15 sec, air-dried, submerged in 5.25% sodium 
hypochlorite solution for 20 min and washed thoroughly with distilled water for 5 min 
[179]
. Sodium hypochlorite has been extensively used for dissolution of organic 
tissues leaving behind mineralized surface. It has a softening effect on the dentinal 
walls and has a proven efficacy in the removal of the smear layer 
[180, 181]
. The 
specimens were placed in 50%, 75%, 80%, 95% and 100% ethanol for sequential 
drying before being desiccated in critical point drying (CPD; Balzers 030 Shimatzu). 
The specimens were then mounted on aluminum stubs with conductive tape (double-
sided carbon tape) and than gold sputtered for 120 s (Baltec SCD sputter; 005). After 
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gold sputtering, the specimens were viewed using SEM (Philips/FEI XL30 FEG 
SEM), operated at an accelerating voltage of 10 kV at different magnifications.  
 
 Micro-tensile bond test (!TBS)  
The restored teeth were sectioned using a low-speed water-cooled diamond 
saw (Buehler, Lake Bluff, IL, USA) into several 1x1 mm2 resin-dentin beams. The 
beams of each group were divided randomly to be stored for 24 h or 9-months 
artificial saliva (n = 27). For !TBS testing, each beam was fixed to custom-made 
metallic jig (Fig 21) mounted to Universal testing machine (Instron 5848, 
Microtester) with cyanoacrylate adhesive (Zapit, Dental Ventures of America Inc., 
Corona, CA, USA). A tensile load was applied at a crosshead speed of 0.5mm/min 
until failure. Afterwards, the specimens were removed carefully with scalpel blade 
and the cross sectional area was measured at the site of fracture to the nearest 0.01mm 
with a digital caliper (Mitutoyo Digimatic Caliper, Model 500-196-20) for the 
calculation of !TBS and expressed in MPa. Invitro bond strength testings are 
predominantly performed after 24 hrs of specimen preparation 
[182]
 to verify the 
efficiency of the adhesive materials used in terms of bond stability and durability. 
Early bond strength measurements provide a pivotal reference regarding the bonding 
capability of adhesive restorative materials. However, this time period may not be 
long enough to verify the efficiency of adhesive and restorative materials. Long-term 
clinical studies may provide more realistic results with respect to the efficiency of 
adhesive restorative materials 
[183]
. The drawbacks of long-term studies are the 
length of time and high cost 
[184]
. In order to overcome such drawbacks, artificial 
aging methods were used to develop aging conditions to study bonding durability. In 
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our experiments, specimens were stored in artificial saliva to simulate aging. A total 
of 24 hrs and a nine-month period were chosen to study degradation. 
 
Fractographic analysis using SEM 
Fifteen fractured beams from !TBS testing of each group were prepared and 
viewed by SEM for fractographic analysis. The fractured resin and dentin sides of 
each beam were air-dried, secured on aluminium stubs with conductive tape (double-
sided carbon tape) and sputter coated with gold-palladium alloy (30 nm; Bal-Tec SCD 
005, Sputter Coater) for 120 s. After gold sputtering the specimens were viewed using 
SEM (Philips/FEI XL30 FEG SEM), operated at an accelerating voltage of 10 kV at 
different magnifications. The areas of the fractured sites were expressed as 
percentages of the fractured specimens. Fractographic analysis was done for beams 
stored for 24 h and 9-months. The failure modes of each resin-dentin bonds were 
categorized as: (M) mixed failure, (A) cohesive failure in adhesive, (CD) cohesive in 
dentin, and (CC) cohesive in resin composite 
[185]
.  
Degree of Conversion 
The degree of conversion (DC) of the experimental adhesives was measured 
using transmission Fourier Transform Infrared Spectroscopy (FTIR). For the FTIR 
analysis of the un-modified and RF-modified bonding agents, 15 !L of adhesive was 
placed in a well prior to testing. The concentration of available carbon-carbon double 
bonds in the experimental adhesives was measured and absorbance peaks were 
recorded by transmission mode with a drop of adhesive smeared onto the potassium 
bromide discs (2.0 x 2.0; Shimadzu, Japan) at a resolution of 4 cm-1. The adhesive 
was left undisturbed before curing and air-thinned with a gentle stream of air with an 
oil-free air. During the spectrum analysis, uncured resin was continuously in contact 
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with the sensor. The absorbance peaks for the uncured specimens were recorded with 
FTIR spectrometer (FTIR-8800, Shimadzu, Kyoto, Japan) with the degree of 
conversion (DC) determined by obtaining a spectrum between 400-4000 cm-1 range 
(30 scans). After recording absorbance peaks before curing, the adhesives were 
photocured as mentioned previously and FTIR was recorded again at different time 
points (starting from 10 secs until 30 mins) from the start of irradiation. The C=C 
absorbance peak at 1638 cm-1 (un-polymerized methacrylate stretching vibration) and 
C-C reference peak at 1607 cm-1 (stretching vibration of the aromatic ring) 
[186]
 were 
obtained by the baseline technique 
[187]
. The ratio of C=C/C-C absorbance intensities 
(percentage of unreacted double bonds) were measured before and after 
polymerization by Equation 1: 
 





Where;   Caliphatic = the absorption peak at 1638 cm-1 of the polymerized resin 
                    
                      Caromatic = the absorption peak at 1607 cm-1 of the polymerized resin 
 !!!!!!!!!!!!!!!!!Ualiphatic = absorption peak at 1638 cm-1 of the unpolymerized resin 
             
               Uaromatic = absorption peak at 1607 cm-1 of the unpolymerized  
 
Statistical Analysis 
Data was expressed as means T standard deviations and analyzed with one-
way and two-way ANOVA followed by Tukey’s test for pair-wise multiple 




10.3. Phase III (Materials and Methods) 
Thirty-seven sound human molars (age range of 21-35 years) were stored after 
extraction in solution of de-ionized water and sodium azide (0.2%) at 4oC and used 
within one month from the start of the experiments. The human teeth obtained are 
usually contaminated with bacteria and can be the reason for transmission of 
communicable diseases via blood borne pathogens 
[189]
. In order to decontaminate in 
a sterilizing medium before any tests are done sodium azide (salt of hydrazoic acid) 
had been used for storage purposes for its bacteriotstatic and bactericidal properties 
[190]
.  The teeth used in the study were approved by the Institutional Review Board 
of the National University of Singapore. Chemicals used in this study, included 
riboflavin 5’-monophosphate (RF) was purchased from Sigma-Aldrich unless 
otherwise stated; two-step etch-and-rinse AdperTM Single Bond purchased from 3M 
manufacturers.  
 
Modification of commercial dentin adhesive 
Riboflavin was weighed using a precision balance (Gold Bell Weigh System, 
Singapore). The dentin adhesive (AdperTM Single Bond) was left without any 
modification as a control group or modified with riboflavin of wt% of 1.0, 3.0, 5.0 
and 10.0. To avoid spontaneous polymerization from ambient light, the riboflavin 
ingredients were mixed under red light in dark room and the ingredients were kept 
closed all times while the additions were done. The powdered riboflavin was added 
directly to the commercial adhesive as the shaking and the sonication process helped 
to yield a well-mixed riboflavin-modified adhesive solution. The riboflavin-modified 
adhesives prepared were stored at 4oC and used within two weeks. 
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Specimen preparation and bonding procedures 
Sound human molars, stored as mentioned previous, were used within one 
month of extraction from the start of experiments. The teeth were cleaned from debris 
and stored in distilled water for 24 hrs before subjecting to further treatment. Teeth, 
that were to be bonded, were divided into five groups. They were subjected to 
removal of occlusal enamel perpendicular to the long-axis of the teeth with a low-
speed water-cooled diamond saw (Buehler, Lake Bluff, IL, USA) until the mid-
coronal dentin surface was exposed 1 mm below the DEJ. The exposed dentin 
surfaces were etched with 37% phosphoric acid gel (3M ESPE Scotchbond TM) for 15 
seconds and than rinsed with deionized water for 20 seconds. Excess water was 
removed from surface but the dentin was kept visibly moist. Two consecutive coats of 
each modified and control dentin adhesive were applied to the dentin surface for 15 
sec using a micro-brush and gently air-thinned for 20 secs to remove the excess 
solvent. To minimize atmospheric oxygen, a glass cover slip was placed on the top of 
the resin and photo-polymerized at room temperature by dental blue light curing-unit 
(Curing Light 2500; 3M ESPE, MN, USA) for 10 seconds at a distance of 10 mm 
away from the surface (spectral rang of 400-500 nm wavelength) with an output of 
600 mW/cm2. Resin composite (3M ESPE, Filtek TM Z350 XT) was applied in four 
increments. The first increment was applied in less than 0.5 mm thickness to reduce 
the effect of polymerization shrinkage followed by other increments. All increments 
were light cured for 20 seconds. After the roots were severed off each bonded 
specimens below the cemento-enamel junction with a water-cooled diamond saw, the 
specimens were stored for 24 hrs in distilled water at 37 oC to complete the 
polymerization reaction before sectioning.  
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From each tooth, 2-3 slabs were obtained from the mid-coronal dentin by 
sectioning sectioned perpendicular to the bonded surface for exposing the adhesive 
interface to obtain dentin slabs of 1 mm thickness The resin/dentin slabs were wet-
polished with increasing grit sizes (600 to 2500) SiC papers (Carbimet; Buehler, Lake 
Bluff, IL, USA) and rinsed with distilled water for 10 min under ultrasonic agitation. 
The polished surfaces were dried using absorbent paper (Kimwipes, Kimberly-Clark 
Professional, Roswell, GA, USA) by gentle blotting for 5 seconds leaving a glistening 
surface to be later used for micro-Raman analysis and confocal microscopy of the 
resin-dentin interface. Three dentin discs were prepared from individual molars for 
analysis of standard Raman spectroscopy scan for dentin collagen. 
 
 
Micro-Raman Spectroscopy of resin-dentin specimens 
The Raman spectra were recorded on a micro-Raman using JY LabRam HR 
800 Raman spectrometer (Horiba Jobin Yvon, France) system equipped with Leica 
lenses and curve-fitting Raman microscopic software (Labspec 5). Visual 
identification of the position at which Raman signal was obtained from the adhesive 
interface were adjusted accordingly and background-corrected for dark counts with 
intensity-normalized. Zero calibration was done and the 785 nm single model laser 
was focused onto the selected resin-dentin adhesive interface area at a power of <500 
µW with 100X/NA 0.9 objective lens. Spectral information was obtained between 
700 and 1800 cm-1 and the spectra filtered to remove the noise. With a laser spot 
diameter of 1 µm and resin-dentin specimen placed on glass slide, Raman scattering 
was induced at different locations within the adhesive interface by using a computer-
controlled x-y-z stage. Specimens of demineralized dentin collagen and cured 
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commercially available AdperTM Single Bond two-step etch-and-rinse adhesive were 
also analyzed for generation of standard spectra (Fig. 22). The exposure time on each 
scan was 60 seconds.  
 The line scans across each resin/dentin specimens were obtained in the regions 
of the bonded interface starting in the dental composite region (on the left), across the 
resin/dentin adhesive interface and ending onto the dentin side (on the right). The 
scans were acquired in steps of 1 µm using the x-y-z stage and obtained over the 
spectral regions. The measurements were done three times for each specimen to 
confirm the reproducibility of the technique. The intensity of peak 960 cm-1, which is 
the representative of the mineral content of normal dentin by PO4 vibration, 1659-
1667 cm–1 and 1243-1246 cm–1 representative of the organic content of dentin by 
Amide I and III 
[191]
 respectively, were taken as standards (Fig. 22), to compare the 
readings of the control and riboflavin-modified adhesive specimens after resin 
infiltration and bonding. The peak at 1640 cm-1 is related to the C=C methacrylate 
groups of bis-GMA and HEMA monomers. With complete polymerization, the C=C 
is converted to C-C to form the polymer chain. The spectral identification for Single 
Bond and dentin are illustrated in Table 2.   
 
Confocal Microscopy 
For confocal microscopy investigation, resin-dentin slabs were prepared as 
described above; however, Rhodamine B dye (0.01%; Rhodamine B Sigma Aldrich 
R6626) was incorporated to the bonding resin at approximately 0.1% as reported 
previously 
[192]
, along with the riboflavin. The polished slabs (n =10 for each group) 
were microscopically examined using confocal laser scanning microscope (Olympus 
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Fluoview 100, USA) equipped with a krypton argon laser using 200 X water objective 
lens. The excitation wavelength was 488 nm in the fluorescent mode and operated 
with a 543-nm short pass filter in reflection mode.   
 
Statistical Analysis 
Data was expressed as mean ± standard deviation and analyzed with one-way 
and two-way ANOVA followed by Tukey’s test for pair-wise multiple comparison 




11.1. Phase I 
 
SEM investigation 
Figure 23 shows the collagen fibrils network structure of the modified and 
control specimens. The resulting structure of collagen network significantly depends 
on the type of surface modification used. Figure 23(A) shows a readily identifiable 
and relatively intact collagen fibrillar network with open interfibrillar spaces for the 
control (unmodified) demineralized dentin specimens. An open collagen network, 
with intact structure, and open dentinal tubules can be seen in specimens treated with 
0.1% RF [Fig. 23(B)] and with Ch/ RF 1:4 [Fig. 23(C)]. However, the collagen fibrils 
network of the control group [Fig. 23(A)] showed to be relatively less organized 
compared with 0.1%RF [Fig. 23(B)] and Ch/RF 1:4 [Fig. 23(C)] modified collagen 
network. Although the collagen fibrils network structure could be identifiable in 
specimens modified with Ch/RF 1:1 [Fig. 23(D)], the interfibrillar spaces were 
partially obliterated with interrupted collagen fibrils structure. The SEM images of 
resin/dentin interface are shown in Figure 24. The control specimens [Fig. 24(A)] 
showed formation of numerous resin tags and formation of a uniform and rather 
continuous hybrid layer. The 0.1%RF crosslinked specimens [Fig. 24(B)] also 
illustrate the formation of a continuous interface between the resin and the dentin as 
the specimens showed uniform hybrid layer and well-formed, funnel-shaped resin 
tags. The micrographs for both of the Ch/RF 1:4 and 1:1 specimens [Fig. 24(C,D)] 
exhibited similar interfacial morphological characteristics but with slightly rough 
textured hybrid layer. The resin penetrated deeply into the dentinal tubules and many 
long resin tags were observed at the interface. However, resin tags seen with Ch/RF 
1:1 specimens [Fig. 24(D)] exhibited a highly rough texture. 
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Raman spectroscopy analysis of demineralized dentin specimens 
 
The Raman spectra of the modified and non-modified dentin specimens in a 
range of 900 – 1700 cm-1 are shown in Figure 25. Crosslinking resulted in changes in 
the Amide I and Amide III bands with slight shifts in the wave numbers (black 
arrows). The shifts in Amide I for 0.1%RF, Ch/RF 1:4, and Ch/RF 1:1 specimens 
were 1663, 1661, and 1659 cm-1 respectively compared with the control at 1667 cm-1 
as illustrated in Table 2 which represents different Raman values before and after 
crosslinking of the dentin disc specimens. A slight decrease in wave number (black 
arrow) was also observed after crosslinking in the Amide III region (1246 cm-1). The 
shifts were seen as 1251 cm-1, and 1249 cm-1, and 1247 cm-1 for 0.1% RF, Ch/RF 1:4 
and Ch/RF 1:1 specimens, respectively. The bands at 1450 and 1003 cm-1 are 
assigned to the C-H alkyl group of the collagen, and CAC bond in the phenyl group, 
respectively. The peak seen at 1003 cm-1 for 0.1%RF appears much sharper and 
accentuated as compared to the other specimens and remains unchanged. The Raman 
band around 1032 cm-1, assigned to the pyridinium ring vibration, which has a 
trivalent amino acid crosslinking residue, showed a slight shift towards 1031 cm-1 for 
0.1%RF crosslinked specimen where as 1:4 and 1:1 specimens showed Raman shifts 
of 1030 cm-1 and 1031 cm-1, respectively. Amongst all specimens, the 0.1%RF 
showed a sharp change (asterisk) in this band. Typical peaks at 1399 cm-1 and 1256 
cm-1 were detected in the Ch/RF 1:1 and Ch/RF 1:4 crosslinked specimens consistent 
with the Raman band assigned to the chitosan backbone. !
Raman spectroscopy depth analysis (resin/dentin specimens) 
 
The Raman line-map of adhesive resin infiltration and spectra of the modified 
and control resin/dentin interface specimens are shown in Figure 26(A–C), 
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respectively. The band at 960 cm-1 are assigned to phosphate vibrations of 
hydroxyapatite with the CAH alkyl group at 1450 cm-1 selected as a measure of all of 
the organic components in the hybrid layer and a measure of the resin adhesive in the 
respective line maps [Fig. 26(A)]. The band positions and intensity ratios had 
deviated from the spectra of the standard (control specimens). The scans on the 
crosslinked resin/dentin specimens started from the adhesive (left) to the dentin (right) 
side at a step size of 1 !m. The variations seen across the interface in the 
hydroxyapatite distribution was due to the uneven surface. Two-way ANOVA 
showed the significant effect (p = 0.05) of both of dentin surface bio-modification and 
the position (location) at the resin/dentin interface and their interaction (p = 0.05) on 
the Raman intensities at 1450 cm-1. The Raman intensities at 1450 cm-1 gradually and 
significantly decreased (p = 0.05) across the resin dentin interface (4–10 !m) within 
each of the control and biomodified groups. However, no significant difference was 
found between Ch/RF 1:1 and Ch/RF 1:4 at 4 !m position, although both showed 
significantly higher (p = 0.05) Raman intensities compared with the control group and 
0.1% RF at the same position at the interface. At 6–10 !m positions along the 
resin/dentin interface, Ch/RF 1:4 showed significantly higher Raman intensities at 
1450 cm-1 compared with all other groups (p = 0.001) except that no difference was 
found between Ch/RF 1:4 and 0.1% RF at 10 !m. A formation of a plateau pattern 
can be seen starting from 12 !m for all groups which were more pronounced with the 
control group and with Ch/RF 1:1 bio-modified group. The Raman shifts in the 
Amide I and III regions at 4 and 8 !m levels [Fig. 26(B, C)] indicate typical changes 
in the peaks due to the crosslinking effect. The shifts in Amide I for the crosslinked 
resin/dentin specimens at 4 !m were as follows respectively; 0.1%RF, 1:4 Ch/RF and 
1:1 Ch/RF 1664, 1661, and 1665 cm-1. The Amide III region showed peaks at 1247, 
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1249, and 1251 cm-1 for 0.1%RF, Ch/RF 1:4, and Ch/RF 1:1 specimens respectively. 
Similar peaks were observed at the 8 !m. There was complete disassociation of the 
Raman spectrum at the Amide regions for specimens at 8–10 !m. The micro-Raman 
data from this study confirm a complex interaction between the resin and the 
crosslinked dentin specimens and dentin. !
 
11.2. Phase II 
 
SEM analysis of resin-dentin interface 
 
Figures (27 and 28) showed general overall view of the resin-dentin interfaces 
of the specimens treated with and without RF-modified experimental adhesives after 
24 h and 9-months storage time respectively. The inter-diffusion or hybrid layer along 
with resin tags are noted in all the bonded interfaces in which the experimental 
adhesive systems were used. The thickness of the hybrid layer and the length of the 
resin tags showed a visible variation according to the type of adhesive used.  
After 24 h storage in artificial saliva, sizeable resin tags with numerous lateral 
branches and a well-defined intact hybrid layer are highlighted along with the control 
and 1%RF-modified adhesive specimens (Figs. 27A and 27B). The specimens for the 
3%RF-modified adhesives showed well-organized relatively homogenous hybrid 
layer (Fig. 27C) and numerous well-developed resin tags. In addition, the interface of 
the adhesive with the overlying composite resin was found to be intact and devoid of 
any voids. The resin-dentin interface of the 5%RF-modified adhesive revealed 
relatively thick and textured hybrid layer with long well-formed resin tags (Fig. 27D). 
The 10%RF-modified adhesive demonstrated shorter resin tags and a much thinner 
hybrid layer (Fig. 27E). 
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The changes observed in the SEM findings after 9-months storage in artificial 
saliva (Fig. 28) were dissimilar to the SEM findings after 24 h storage (Fig. 28). 
Relatively intact hybrid layer could be seen after 9-months storage for the control, 1% 
and 3%RF-modified specimens (Fig. 28A-C) compared to the 5%RF-modified 
specimens (Fig. 28D). Hardly any hybrid layer could be observed in the 10%RF-
modified specimens and only few short resin tags could be seen (Fig. 28E). 
 
Micro-tensile Bond Strength and Fractographic analysis  
The results of !TBS testing are summarized in Table (3). The Two-way 
ANOVA showed the significant effect and interaction (p<0.05) of the independent 
variables (RF concentration and storage time in artificial saliva) on the !TBS. The 
3%RF-modified group showed the highest !TBS compared to the control and all 
other experimental groups after 24 h storage in artificial saliva. No difference was 
found between the control and 1%RF-modified specimens at the baseline 
measurement at 24 h. On the contrary, the 10%RF-modified specimens show the 
lowest !TBS compared to all other groups.  
 Storing the resin-dentin beams for 9-months in artificial saliva significantly 
decreased the !TBS within each of the control and the RF-modified groups. Only 1% 
and 3%RF-modified groups showed significantly higher !TBS after 9-months storage 
compared to the control group. However, no difference was found between the 
control group and the 5%RF-modified groups. As for 24 h storage, the 10%RF-
modified group showed the least !TBS after 9-month storage. 
The percentage of failure mode distribution is shown in Figure 29. For all 
specimens tested after both 24 h and 9-months storage, the mixed failure mode was 
predominant except for the 10%RF-modified group where the cohesive failure in the 
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adhesive was the predominant failure mode. However, no cohesive failure in dentin 
was found in 10%RF-modified specimens after 9-months storage.  
Figure 30 shows selected SEM images of the fractured surfaces of the resin-
dentin beams after 24 h and 9-months storage in artificial saliva. In the 24 h 
specimens, the failure occurred mostly at the bottom of the hybrid layer especially in 
the control group (Fig. 30A) depicting a mixed failure pattern. In 1%RF-modified 
adhesive specimens, many open dentinal tubules can bee seen on the debonded 
surfaces at the dentin side with partial coverage of the adhesive (Fig. 30B) denoting a 
predominantly mixed failure pattern similar to the control group. The failed 
specimens for 3%RF-modified adhesive group (Fig 30C and 30D) presented islands 
of hybrid layer and resin tags and were in continuity with the dentin underneath. 
Some of the resin tags within 3%RF-modifed adhesives occluded the dentinal tubules 
(Fig. 30E). The 5%RF-modified adhesive specimens also presented areas of mixed 
failure pattern and cohesive failure within the adhesive (Fig. 30F). However, the 
10%RF-modified adhesive specimens presented mainly cohesive failures within the 
adhesive (Fig. 30G).    
  After 9-months storage in artificial saliva, similar fracture patterns were found 
with the control, 1% and 3%RF-modified adhesive specimens as after 24 h storage.  
The 5%RF-modified adhesive specimens also demonstrate mixed failure pattern after 
9-months storage (Fig. 30H) similar to 24 h storage; however, crack lines were 
characteristically seen amongst the adhesive layer. Furthermore, the 9-months 
10%RF-modified adhesive specimens show a cohesive failure in the adhesive (Fig. 
30I). However, some of the 10%RF-modified adhesives specimens show fracture or 
crack lines at the interface region (Fig. 30J).  
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Degree of Conversion 
Table 4 shows the results of statistical analysis of the degree of conversion 
(DC) for the control and RF-modified groups after 30 minutes. Although the DC of 
the 3%RF-modified specimens was numerically less, no statistical difference was 
found between the control group and the 1% and 3%RF-modified adhesives groups. 
The 5%RF and 10%RF-modified specimens exhibited lower DC after photo-
activation when compared to the control, 1%RF and 3%RF-modified specimens (P < 
0.05). Figure 31 illustrates the pattern of the degree of conversion starting from 10 
secs after the start of photo-activation until 30 min for all groups. A plateau formation 
was formed by 2-3 min for the control and all the experimental groups.  
 !
11.3. Phase III 
 
Micro-Raman Spectroscopy of dentin, control and modified adhesives 
Representative Raman spectra of the standard control adhesive, human dentin 
and resin-impregnated dentin recorded in the region of 800-1800 cm-1 are shown in 
Fig. 22. The P-O stretching within the dentin mineral is identified at 960 cm-1 (Fig. 
22B and 22C).  In addition, several peaks are observed; from these 1246 cm-1, 1667 
cm-1 and 1450 cm-1 are assigned to the Amide III, Amide I 
[193]
 and C-H alkyl group 
[194]
 respectively. The C-H alkyl group at 1450 cm-1 was selected as a measure of all 
the organic components in the hybrid layer and as measure of the resin-dentin 
adhesive penetration, like in previous studies (Fig. 22C).  
Several peaks, as the principal functional groups within all the adhesive 
systems can be identified in Figure 32 as; CH2 CH3 1450 cm-1, Phenyl C=C 1610 cm-
1, C=C 1640 cm-1 and C=O 1720 cm-1. The C=O peak for the different groups occurs 
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at; control=1717 cm-1, 1%RF-modified adhesive=1711 cm-1, 3%RF-modified 
adhesives =1710 cm-1, 5%RF-modified adhesives=1713 cm-1 and 10%RF-modified 
adhesives= 1727 cm-1.  
 
Micro-Raman spectroscopy of resin-dentin specimens 
The spectrum represented at 1µm across the resin-dentin adhesive interface in 
all the groups are illustrated in Figure 33 as a function of position across the resin-
dentin interface. The Raman bands scanned across the resin-dentin interface at 960 
cm-1 (P-O peak) and 1450 cm-1 (C-H peak) are assigned to phosphate vibrations of 
hydroxyapatite and the C-H alkyl group in the respective line maps (Fig. 33). There 
was a gradual decrease in the C-H band till the region of 14 µm. The depths achieved 
for the specimens were: control-11.6 µm; 1%RF-modified adhesive specimens-14.1 
µm; 3%RF-modified adhesive specimens- 13.1 µm; 5%RF-modified adhesive 
specimens-10.1 µm and 10%RF-modified adhesive specimens-8.1 µm. From these 
line maps, the difference in relative intensities of the C-H alkyl peak started at a 
position of 3.9 µm for the specimens and ended at 14 µm for the 1%RF-modified 
adhesive. The 3%RF-modified adhesive specimens also showed difference in relative 
intensity. However, there was a gradual decrease in the C-H band till the region of 9 
µm after which it reached its plateau. These results indicated that the 3%RF-modified 
adhesive specimens penetration was throughout more than half of the hybrid layer.  
The specimens showed a gradual plateau formation till the 13.1 µm region 
representing good penetration for the monomer. The 5%RF and 10%RF-modified 
adhesive specimens showed the least amount of penetration and complete 
disassociation of the Raman spectrum at the Amide regions at 8-10µm. The micro-
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Raman data from the present study confirms a complex interaction between the resin 
and the resin-dentin specimens. 
Multiple Raman spectra were obtained in the control and riboflavin-modified 
adhesive specimens at 5-8 !m levels within the hybrid layer. Figure 34. shows the 
Raman spectra at 5!m level of all groups demonstrating primary band positions. 
Exceptions were noted in the Amide III and CH-alkyl group of the 3%RF-modified 
adhesive specimens where the Raman peaks were more accentuated as compared to 
the other specimens. The Raman peaks observed at 5!m level of all groups 
demonstrated the following shifts for the specimens at Amide I region; 1667 cm-1, 
1663 cm-1, 1661 cm-1, 1665 cm-1 and 1668 cm-1 for the control, 1%, 3%, 5% and 
10%RF-modified adhesive specimens. The shifts observed for Amide III regions were 
noted as; 1246 cm-1, 1249 cm-1, 1253 cm-1, 1248 cm-1 and 1247 cm-1 for the control, 
1%, 3%, 5% and 10%RF-modified adhesive specimens. The pyridinium ring vibration 
at 1032 cm-1 showed no overlapping or remarkable changes except the 3%RF-
modified adhesive specimens where the peak appeared slightly sharper.        
 
Ratio of 1610 cm-1 to 1640 cm-1 
The ratio of the phenyl C=C (1610 cm-1) and C=C (1640 cm-1) was calculated 
and was observed to be towards a lower side within the deeper layers of the hybrid 
layer (Fig. 35) for control, 1% and 3% riboflavin-modified adhesive specimens. On 
the contrary, the 5%RF-modified adhesive specimens shows a slightly higher ratio in 
the superficial layers compared to the 10%RF-modified adhesive specimens, with the 





The selected CLSM z-stack images of the resin-dentin interfaces of the control 
and RF-modified adhesive specimens are shown in Figure 36. The entire components 
of the resin-dentin interface appeared to have linear orientation and variably 
infiltrated with the bonding resin. The 1% and 3%RF-modified adhesive specimens 
(Fig. 36 (ii), (iii)) were identified with exaggerated micro permeability throughout the 
dentinal tubules as compared to control (Fig. 36 (i)). The specimens had long resin 
tags and optimal sealing ability. The resin tags formed by 3%RF-modified adhesive 
specimens were longer and more complete than other groups and showed deeper 
penetration. The 5%RF and 10%RF-modified adhesive specimens presented a modest 
micro permeability localized at the bottom of the hybrid layer. The least adhesive 
penetration was observed for 10%RF-modified adhesive specimens (Fig. 36 (v)). 












Riboflavin is a well-known crosslinker that can produce an excited or triplet 
state by the absorption of ultraviolet light A (UVA), producing reactive oxygen 
radicals resulting in efficient physical crosslinking of collagen network 
[39]
. 
Riboflavin has been widely used as an efficient technique for crosslinking by the use 
of UVA to stiffen the cornea 
[26]
. It was recently reported that riboflavin could 
increase the bond strength with greater stability of the adhesive interface over time. In 
addition, riboflavin showed to be an effective crosslinking agent resulting in an 
inhibition of the dentin matrix metalloproteinase, and in particular MMP-9 
[167]
.   
Chitosan, a linear polysaccharide, produced by alkaline deacyetylation of chitin, is 
known for its biocompatibility and its biodegrability 
[195]
 and is an appropriate 
candidate for its broad spectrum of applications due to its physiological inertness and 
notable affinity to amino acids 
[196]
. Chitosan can produce microfibrillar 
arrangements in a protein matrix such as collagen 
[197]
. A chitosan/collagen 
combination provides advantages in tissue engineering applications 
[198]
 as Type I 
collagen has the ability to form ionic complexes with chitosan increasing the strength 
and bio-physiological stability 
[199]
. However, there are no reports about using 
chitosan biopolymers to reinforce dentin collagen with the use of riboflavin as a 
photo-mediated crosslinking agent although chitosan has been widely accepted to 
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improve the mechanical and biological properties of collagen substrates 
[200]
. 
However, such microfibrillar arrangements or aggregation of chitosan within collagen 
structure might adversely affect resin infiltration and complicate its subsequent use in 
adhesive dentistry. 
The induction of exogenous collagen cross-links has been proposed as a 
mechanism to improve the mechanical stability and reduce the biodegradation rates of 
collagen 
[201]
. Several synthetic (glutaraldehyde, carbodiimides and others) and 
naturally occurring (genipin, proanthocyanidin from grape seed extract and others) 
agents can induce exogenous collagen cross-links 
[202]
. Riboflavin (RF) catalyzed 
photosensitization is directly involved in singlet oxygen production 
[203]
 resulting in 
involvement of tyrosine residues forming pi-pi complexes leading to dityrosine 
crosslinking 
[204]
. It has been known previously that proteins are pivotal targets for 
1O2 forging a high rate chemical reactions involving physical quenching 
[205]
. 
Previously, collagen crosslinking through UVA-activated riboflavin had been 
successfully reported in the treatment of keratoconus 
[31, 26]
. In our previous study, 
we had investigated the effect of photo-activated riboflavin on dentin collagen that 
had increased the biodegradation resistance and mechanical properties and stability of 
the dentin matrix 
[206]
.  Furthermore, the use of riboflavin, as a dentin pre-treatment, 
has also been evaluated to strengthen collagen fibrillar network for optimal dental 
adhesion 
[207]
. However, no previous studies have investigated the formulation of 
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RF-modified dentin resin adhesive aiming for improving the durability of resin-dentin 
bonds with the reduction of the number of clinical steps required. 
Raman spectroscopy is considered a useful tool for structural information 
[208] as the resolution limit (1µm in diameter) maybe favorable for the evaluation of 
the hybrid layer 
[209]
. Micro-Raman spectroscopy provides valid information about 
small biochemical changes within the hybrid layer and the extent of resin infiltration 
[210]
. It further allows a comprehensive mapping of a defined area, likewise for the 
cross section of a hybrid layer 
[211]
. In addition, the vibrational modes not detected 
within the FTIR spectrum, are more Raman active 
[212]
. More over, the 
morphological studies of the interfacial layer using scanning electron microscopy 
[213]
 and scanning transmission electron microscopy/energy-dispersive spectroscopy 
does not seem to clarify the complex resin-interface bond 
[214]
. Therefore in the 
present study, confocal scanning light microscopy (CLSM) was combined with 
micro-Raman spectroscopy as CLSM offers subsurface imaging without dehydration 
of the resin dentin specimens. Griffiths et al demonstrated the micro-permeability of 
the resin/dentin interface using confocal laser scanning microscopy, which allowed 




The Raman effect is observed due to the inelastic scattering of the 
electromagnetic radiation around the molecule’s electron cloud. This is produced as a 
result of vibrational changes happening within the detectable molecules, which cause 
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a change in the scattered and the incident beams. Such changes provide a unique 
‘chemical finger print’ of the specimens tested. The electron cloud around the 
molecule interacts with the electromagnetic radiation producing an induced dipole. 
The molecules in the ground state absorb energy and scatter light on yielding a Stokes 
line or a Rayleigh line on return to its original state. A monochromatic light source is 
used with most common excitation wavelengths of 488 nm, 532 nm, 785 nm and 830 
nm as the Raman scatter is collected at an angle of 180o or 190o in relation to the 
incident beam and later directed through a filter to eliminate the Rayleigh line 
[216]
. 
The Raman spectroscopy used of the dentin specimens are dominated by 
protein and mineral signatures that contain mineral bands at 960 cm-1 and Amide I, 
and III envelops at 1650-1670 cm-1, 1235-1245 cm-1 respectively. Recent studies 
using micro-Raman spectroscopy of corneal collagen have correlated changes in the 
Amide III and Amide I spectral bands with spatial resolution measuring 10 !m. A 
current postulate is that the crosslinking of collagen fibers in cornea has been 
demonstrated by Raman spectroscopy, therefore we hypothesized that Raman 
spectroscopy would identify the changes at molecular level within the fibers 
[217]
. 
Using a Raman microprobe, several spectral signatures were obtained that are related 
to the demineralized dentin and protein features that are predominantly attributed to 
Type I collagen. The mineral bands from apatite phosphate at 960 cm-1 and Amide 
bands are expected to dominate the Raman spectra taken from dentin samples. The 
experimental methodology established in this study with Raman spectroscopy serves 
as a basis to expand Raman spectroscopic analysis of the crosslinked dentin samples. 
It is suggested that the Raman spectra taken from the crosslinked dentin specimens 
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will reflect chemical changes in the collagen fibers that result from the riboflavin 
effect.  
Raman Data Processing:       
The Raman spectrum collected were corrected for dark signal and averaged 
into a normalized spectrum and Raman bands were fit using the curve-fit in Crystal 
Sleuth software. It generally yielded bands that were easily identifiable on Raman 
band assignments as compared to previous experiments on spectroscopic analysis of 
collagen fibers. The band areas calculated from the curve-fitting software were used 
to measure the phosphate and the mineral to matrix ratio using the CH2 band vibration 
at 1450 cm-1. The difference in band positions of Amide I and III were generally 2-3 
cm-1 as a result of the chitosan and riboflavin crosslinking. An advantage of this 
protocol is that it permits the quantitation of the component bands in a spectrum. 
These changes suggest a common conformation for the majority of the peptide bonds.   
The Use of Different Storage Media: 
 The storage of teeth is an important factor in attaining consistent results, as the 
standardized testing of teeth in the laboratory should have an unbiased opportunity for 
universal communication amongst the investigators. Storage of teeth in different 
media has shown minimal changes on the chemical composition and microstructure of 
dentin 
[218]
. Goodis et al had suggested that use of thymol with water had no 
significant effect on the inorganic or organic contents of the dentin structure 
[219]
. 
Moreover, the use of sodium azide to prevent bacterial growth had shown no previous 
changes in bond strength values or on the structure and composition of dentin or 





Thermo cycling of Specimens: 
Thermocycling is a widely accepted method, especially for invitro 
microleakage studies 
[221,222]
, although it has also been considered as a questionable 
procedure 
[223]
. The clinical relevance and validity of the process is under question, 
as the temperatures used during the procedure may not be the real temperatures within 
the patient’s oral cavity 
[224]
. During the thermocycling procedure, the teeth 
specimens are subjected to thermal cycles. However, the literature suggests there is 
variability on the transfer times between baths, dwell times and temperature extremes 
[225]
. This can permit variable results and discussions in various laboratory studies. 
Moreover, during our study, microleakage studies were not under consideration where 
thermocycling methodology is employed. !!
12.2. Discussion of Phase I 
 
The dentin organic matrix is mainly constituted of collagen type I contributing 
to the biomechanical and functional properties of the tissue 
[226]
. Cyclic amino acids 
such as proline and hydroxyproline impart stability and rigidity to the triple helix coil 
within the collagen molecule 
[227]
. For further stabilization of intra and 
intermolecular crosslinks within the collagen molecule, chemical, or photodynamic 
crosslinking methods have been identified 
[228]
. The cross-linking method is 
considered to be a procedure of minimal intervention initiating these new bond 
formations within the collagen molecule 
[229]
. This ability of intermolecular cross-
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links confers resistance within the collagen molecule to degradation by mammalian 
collagenase 
[230]
 and also contributes to increasing the stiffness of dentin collagen 
[231]
. 
Wollensak et al. had previously studied the photo-activated riboflavin effect 
on corneal collagen that had led to its mechanical stability and conservation of the 
collagen helical structure resulting in a regression of myopic disease 
[232]
. Recently, 
the crosslinking of dentin collagen with photosensitization of riboflavin has been 
described 
[233]
. The yellow riboflavin moiety has been shown to absorb a photon 
from UV light resulting in a rapid change of triplet state within the molecule leading 
to the formation of singlet oxygen radicals by fluorescent stimulation 
[234]
, thus 
resulting in crosslinking with no reported side effects. Chitosan, an incomplete N-
deacylated derivative of chitin, has the ability to form microfibrillar arrangements 
embedded in a protein matrix with diameters from 2.5 to 2.8 nm 
[235]
. It has excellent 
properties such as biocompatibility, biodegradability, nontoxicity, and adsorption 
properties and may exhibit crosslinking effects 
[236]
. The results of the SEM 
investigation revealed differences amongst the control and modified dentin disc 
specimens (Fig. 23) and the resin/dentin interface specimens (Fig. 24). In this study, 
crosslinking with riboflavin successfully preserved the stability and fibrillar network 
of the demineralized dentin collagen fibrils [Fig. 23 (B,C)]. The presence of a highly 
intact collagen fibrillar network in the RF and Ch/RF 1:4 crosslinked dentin disc 
specimens [Fig. 23(B,C)] as compared with the nonstructured collagen network of the 
control group [Fig. 23(A)] might be related to crosslinking and/or reinforcement 
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effect of chitosan/riboflavin on dentin collagen network. In case of the Ch/RF 1:1 
specimens [Fig. 23(D)], the chitosan/riboflavin modification resulted in obliteration of 
interfibrillar spaces and interrupted collagen network probably due to heavy chitosan 
formation and aggregation. The possible explanation that chitosan is a semicrystal 
polymer and has the ability to form membrane of a higher strength and stability than 
collagen 
[237]
 may have resulted in partial closure of the interfibrillar spaces at that 
ratio. In case of the resin/dentin specimens, the funnel-shaped appearance of resin 
tags is seen amongst specimens due to the removal of the peritubular dentin as a result 
of acid etching. Resin/dentin interface of RF and Ch/RF 1:4 modified specimens, 
showed a smooth detectable hybrid layer [Fig. 24(B,C)] with regular funnel-shaped 
comparable to the control non-modified specimens [Fig. 24(A)] indicating good resin 
infiltration. Possibly, the crosslinking effect of the chitosan/riboflavin prevented 
collapse of the demineralized dentin collagen-network, and hence permitting the 
infiltration of resins. The infiltration of resin accounts for the development of the 
well-formed and homogenous impregnated layer 
[238]
. In addition, this relatively-
thick compact and homogenous hybridization complex within the RF and Ch/RF 1:4 
modified specimens with numerous small lateral branches [Fig. 24(B,C)] observed on 
the sides of the resin tags indicating the penetration of the resin within the lateral 
canals of the dentin; a possible supplementary retention. In contrary with the previous 
two groups mentioned, the Ch/RF 1:1 modified specimens showed highly textured 
(rough) hybrid layer and resin tags [Fig. 24(D)]. This morphological difference of 
resin/dentin interface with Ch/RF 1:1 modification might be related to the excessive 
chitosan formation and aggregation within the structure of the demineralized collagen 
network as previously mentioned. 
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The demineralized dentin contains 30% collagen and 70% water 
[239]
 and as 
the mineral phase gets eliminated with demineralization, the collagen fibrils get 
surrounded by water. As the water supporting the open network-structure is removed 
clinically by air dryness and/or displacement by alcohol-solubilized adhesive 
monomers, the collagen network might partially get collapsed interfering with resin 
penetration 
[240]
. It is therefore suggested; that the photo-oxidative crosslinking of 
riboflavin, synergized by chitosan, may lead to stability of this open network-structure 
improving resin infiltration as also supported by the Raman results (Fig. 25) for 
specimens modified with Ch/RF 1:4 or RF only. Chitosan, a biomimetic, resembles 
the extracellular matrix and therefore increases the amine reaction sites providing 
more crosslinking points for the formation of ionic complexes with the collagen 
molecule resulting in substantial stability of the collagen fibrillar network 
[241]
. 
These free amine groups or sites can be associated or linked with quite a few reactions 
like protein crosslinking and nonenzymatic reactions of these free amine groups and 
sugars on proteins further leading to crosslinking 
[242]
. The pH of the acid etched 
dentin is acidic which can also make the chitosan more soluble and have amplified 
amine groups, which coherently could change the charged state of chitosan 
[243]
 
making it more covalently crosslinked producing a stable crosslinked network 
structure 
[244]
. In addition, chitosan has phenomenal muco-adhesive properties 
making it a better bioadhesive polymer 
[245]
. The collagen matrix microstructure can 
be changed as a result of chitosan interaction due to chitosan sheet formations 




. More likely, the extended chitosan chain has the ability to wind 
around the collagen helix as previously mentioned 
[247]
. In this sense, a chitosan 
modified collagen substrate could be a beneficial feature for etch-and-rinse adhesive 
systems. However, the mechanisms of mechanical improvements within the dentin 
collagen matrix should be understood with the interplay amongst these micro-
structural components. The exact mechanism of this reinforcement needs further 
exploration. However, although of its beneficial effect on the structural stability of the 
demineralized dentin collagen-network, excessive chitosan aggregation, and 
formation within collagen fibrils structure, as in Ch/RF 1:1 modification, showed to 
have adversely affect resin infiltration and hybrid layer formation as indicated from 
the SEM and Raman results. It is interesting to observe the photo-oxidative effect of 
riboflavin. The essential principal of photo-oxidative crosslinking with riboflavin is a 
result of the yellow riboflavin stimulating the formation of free oxygen radicals that 
promotes covalent crosslinking of the collagen 
[248]
. The UV photosensitized singlet 
oxygen can mature collagen crosslinks as mentioned previously and it is assumed that 
this is a function of the high levels of singlet oxygen produced by riboflavin. The 
singlet oxygen species formed initially, further increase the reaction until a stable 
product is produced, which is hydroxylysine. The Raman results present in this study 
suggest that it is likely that dentin collagen might have been crosslinked by UVA-
activated riboflavin with or without the synergetic effect of chitosan. 
The Raman analysis of the modified dentin specimens revealed changes in the 
Amide spectrum after crosslinking with the Ch/RF or RF alone. The interaction of 
riboflavin and chitosan with collagen may have permitted chemical modification, 
which has induced changes in the Raman spectra within the Amide regions. The 
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peptide bonds within the Amide I (1655–1667 cm-1) and Amide III (1241–1262 cm-1) 
regions are categorically seen in the Raman spectra (Fig. 25). The Amide I and Amide 
III shifts for crosslinked dentin specimens were towards lower and higher frequencies 
respectively. The observed shifts may be due to the sensitivity of the polypeptide 
chain 
[249]
. These regions are responsive to spectral changes as a result of secondary 
structure of the polypeptide chain 
[250]
 and collagen crosslinking might contribute to 
the observed shifts in the Amide I and III frequencies within the Raman spectrum. 
The spectral peak appearing in the 1399 cm-1 region can be explained by the 
appearance of chitosan amongst the Ch/RF 1:4 and 1:1 specimens. This intensity is 
assigned to the vibration of the chitosan backbone 
[251]
. The pyridinium ring 
vibration at 1032 cm-1, known to have 3-hydroxypyridinium ring, a crosslinking 
residue in the collagen 
[252]
, shows a sharper and accentuated peak in the RF 
specimens with a notable shift at 1031 cm-1. This is associated with a nonreducible 
crosslink formation and may be a pivotal method to check the chemical interaction 
between collagen and crosslinking agents 
[253]
. 
The representative line map [Fig. 26(A)] across the resin dentin interface of 
the modified and non-modified specimens illustrated changes within the resin 
component and the hydroxyapatite. Changes within the Raman peaks across the 
interface within the RF and Ch/RF 1:4 specimens were detected to greater depths of 
demineralization. From the results of this study, it can be speculated that the resin 
amongst the RF and Ch/RF 1:4 specimens could infiltrate more readily as compared 
to the nonmodified and Ch/RF 1:1 modified specimens. The monomer penetration 
within the Ch/RF 1:1 modified specimens showed a start of plateau formation from 
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within the interface region and may indicate an incomplete penetration. There is little 
possibility that the resin could not penetrate efficiently in Ch/RF 1:1 modified 
specimens due to obliteration of interfibrillar spaces by heavy chitosan aggregation, 
as also supported by SEM, as explained previously. The different spectral changes 
within the 4 and 8 !m regions represented somehow similar crosslinking and 
interactions as in surface Raman analysis. The decrease and increase of Raman shifts 
in the Amide I and III regions at the 4 and 8 !m regions can be interpreted and 
attributed to the formation of stable crosslinks within the collagen network indicating 
the penetrative effect of Ch/RF or RF modification. The Raman line map along the 
resin/dentin interface gives only point-by-point information and a complete 
assessment of the interface was not possible. Nevertheless, the overall approaches 
gave detailed information of the chemical changes associated with the crosslinking 
effect. 
 
12.3. Discussion of Phase II !!
Ideally, the dentin hybrid layer depicts a 3-dimensional polymer/collagen 
network, enabling a stable link between the dentin and the adhesive with no profound 
evidence wether the ideal objective is achieved or not 
[254]
. Instead, it has been 
conceived as the weakest link within the adhesive-dentin bond 
[255]
. The topical 
application of the primers or dental adhesives results in the flow inside the dentinal 
tubules and the interfibrillar spaces, engulfing the collagen fibrils with the resin 
monomers, providing a mechanical retention to the resin restorative 
[256]
. In 
addition, a cascade of events has also been hypothesized for the in-vivo degradation 
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Riboflavin, a known cross-linker, leads to strengthening of collagen fibrils 
through telopeptidase activity, a potent reduction of collagenase activity 
[258]
. The 
yellow moiety, riboflavin, is responsible for the formation of singlet oxygen species, 
instigating a crosslinking phenomenon within the collagen molecule 
[31]
. In addition, 
it is highly unstable under visible light, as the behavior has been interpreted unique in 
undergoing photo-reduction in absence of an electron donor, to form singlet oxygen 
(102) 
[259]
. It was previously reported that using riboflavin-based sensitizer, is 
favorable for reactions with tryptophan, tyrosine, histidine and methionine suggesting 





, reported the significant positive effect of 
UVA activated riboflavin solutions on the mechanical and structural stability and the 
biodegradation resistance of dentin collagen matrix.  In addition, riboflavin when 
applied as a dentin pre-treatment followed with photo-activation, has been reported to 
increase the bond strength and can inactivate MMPs, in particular MMP-9 
[167]
. In 
addition, our previous study suggested that dental visible blue curing light could be 
considered as a safer and efficient substitute compared to UVA light sources for 
riboflavin activation 
[207]
. Accordingly, in the current study, riboflavin was 
incorporated as a direct part of experimental dentin adhesives, rather than as a 
separate pre-treatment as in previous studies, and blue visible light was used for 
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simultaneous photo-activation of riboflavin and the photo-initiator/activator system of 
the experimental adhesive.  
This study compared the bond strength and durability, resin-dentin interface 
morphology and degree of conversion of experimental two-step etch-and-rinse 
riboflavin-modified adhesives. The present study revealed appreciable differences in 
resin-dentin interface morphology with the variation in RF content and storage time in 
artificial saliva (Fig. 27 and 28). In addition, the bonded specimens have provided 
immediate bond strength values (Table 3) to dentin comparable with contemporary 
commercially available adhesive systems 
[261]
. SEM observation at the resin-dentin 
interface revealed that the control, 1% and 3%RF-modified adhesive specimens 
exhibited relatively intact interfacial integrity after 9-months storage (Fig. 28A-C) 
which might be favorably reflected by the high !TBS values recorded especially for 
the 3%RF-modified adhesive specimens. On the contrary, incorporation of 10%RF 
into the experimental adhesive showed to have detrimental effect on the !TBS values 
recorded at both 24 h and 9-months, which could be justified by the SEM images of 
the resin-dentin interface at 24 h (Fig. 27 E) and 9-months (Fig. 28E) storage in 
artificial saliva.    
From the results, the first null hypothesis can only be partially and 
conditionally accepted, as with the increase in riboflavin content up to 3% there was 
an increase in the !TBS at both 24 h and 9-months storage. However, with further 
increase in riboflavin content up to 10%, there was a significant decrease in !TBS.  
This low !TBS values recorded for 5%RF and 10%RF-modified adhesive specimens 
might be attributed to the over increase in riboflavin content inside the experimental 
adhesive as it will be explained later. In addition, the effect of riboflavin on the 
polymerization of the experimental dentin adhesive was evaluated as it was reported 
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previously; riboflavin has maximum absorption peaks at 270, 366 and 445 nm 
[262,  
263]
. Accordingly, the competition between riboflavin and the photo-
activators/initiators of the dentin adhesive-system in absorbing blue light might affect 
the polymerization reaction of the resin monomers and should be investigated. From 
the results of the DC, (Fig. 31 and Table 4) the null hypothesis could be rejected.      
In our study, the incorporation of photo-oxidative riboflavin increased !TBS 
to a certain degree and then decreased it so that the highest value of bond strength was 
obtained in the experimental adhesive containing 3%RF (Table 3). Concurrently, with 
an increase in the riboflavin content up to 3%RF, no significant decrease in the DC 
was reported (Table 4). The degree of conversion of the RF-modified adhesive has 
DC values comparable to the commercially available ones [Scotch Bond/Universal 
Adhesive Technical Profile; ‘Apparent conversion of adhesive resin in the hybrid 
layer, Part II: In situ studies of the resin-dentin bond’ Yan Zou, Julie L P Jessop, 
Steve R Armstrong]. The degree of conversion and !TBS values presented for RF-
modified adhesive formulations can also be compared with other commercially 
available photo-initiator systems on the level of the adhesive formulation, as no 
significant differences in !TBS and DC were found 
[264]
. In addition, only when the 
riboflavin content was increased up to 5% and 10%, that the degree of conversion was 
compromised, which could partially justify and explain the lower !TBS values found 
with higher riboflavin content, especially 10%. The blue light used in the study might 
have a dual effect of activating the riboflavin and at the same time activating the 
polymerization reaction of the resin monomers of the experimental adhesive. The 
increase in riboflavin content could be suggested to induce its shielding effect against 
the blue light 
[31]
; especially at a higher concentration of riboflavin. This correlation 
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between the !TBS and DC results can be supported with the SEM findings (Fig. 27 
and 28). Therefore, controlling the concentration of riboflavin within the experimental 
adhesives used is crucial to achieve a compromise between the desirable effects of 
riboflavin in crosslinking dentin collagen on one side and without compromising the 
degree of conversion and the polymerization reaction of the dentin adhesive 
monomers. Such combined steps, by adding riboflavin to the experimental adhesive 
and simultaneous photo-activation might be of less clinical complication by 
decreasing the number of clinical steps required.  
The qualitative SEM fracture analysis was done to improve the accuracy of 
interpreting the results compared to the light microscopy and to facilitate the 
identification of the failure mode 
[265]
. The results of fractographic analysis might 
also support and interpret the results of !TBS and DC. As suggested previously 
[266]
, 
an increased number of mixed failures were related to increased bond strengths. For 
the failure mode distribution, majority of the fractures demonstrated within immediate 
and 9-months storage specimens were mixed failures (Fig. 29 and 30) in the control, 
1% and 3%RF-modified adhesive specimens. On the contrary, there was an increase 
in the cohesive failure within the adhesive with increasing riboflavin content up to 
5%, with the highest amongst 10%RF-modified adhesive specimens. This increase in 
the percentage of the cohesive failure in the adhesive might indicate the low 
mechanical properties of the 5% and 10%RF-modified experimental adhesive, which 
is in agreement with the low !TBS and DC values reported. !!!!!!
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12.4. Discussion of Phase III 
 
Riboflavin is generally regarded as biocompatible and safe as its properties as 
a photo sensitizer have been well established. In addition, the residual content after 
photosensitization also has been shown not to produce any detrimental hazardous risk. 
Wollensak et al introduced collagen cross-linking of the cornea using ultraviolet A 
(UVA) of 370 nm wavelengths that had increased the biomechanical strength of the 
human cornea by about 300% 
[267]
. For the crosslinking of the collagen, the presence 
of singlet oxygen is required, and riboflavin is known to produce these oxygen 
radicals (1O2) for forging a high rate of chemical reactions 
[31]
. Riboflavin 
characteristically exhibits a strong visible and ultraviolet absorption 
[268]
 and 
undergoes photo-degradation due to the presence of the unstable ribose chain that can 
result in formation of triplet state after modification. In addition, riboflavin has higher 
affinity of reactions towards tyrosine, tryptophan, histidine and methionine 
[269]
. In 
our previous study [chapter 11/11.1. Phase I], the photo-activated effect of riboflavin 
was observed leading to conservation and structural stability of the dentin collagen 
structure. However, there has been no previous attempts in evaluating a combined 
riboflavin-modified dentin adhesive rather than as a separate pre-treatment as in the 
previous study in order to improve the long-term dentin collagen stability with 
simultaneous reduction of clinical steps required while doing the adhesive procedure.  
The different spectral peaks identified in the adhesive spectra of the specimens 
are attributed to the primary functional groups (CH2 CH3 1450 cm-1, Phenyl C=C 
1610 cm-1, C=C 1640 cm-1 and C=O 1720 cm-1). The peak found at 1450 cm-1 
corresponds to the CH2CH3 present in most monomers and is an indication of the 
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resin penetration within the dentin specimens. The present study is not an attempt to 
identify known compounds within the adhesive; but to analyze the change within the 
known Raman peak positions along the depth of resin-dentin interface. According to 
our previous study, riboflavin was sufficient for the formation of crosslinking bonds 
in collagen as detected by Raman spectroscopy. A peptide bond within the collagen 
molecule has the ability to give rise to vibrational modes such as the Amide regions 
(Amide I and III) and are clearly detected in the Raman spectra (Fig 22. and 34). 
When the dentin is restored with riboflavin-modified adhesives, the shifts within the 
Raman peaks at 5!m suggest an increase in Amide III band frequency and a decrease 
in Amide I band frequency. These Amide bands indicate stability of the collagen 
structure as a result of hydrogen bonding between prolines and glycines 
[270]
. These 
spectral alterations can be suggestive of changes in the protein structure as a result of 
the riboflavin content within the adhesive. Previously, McCall et al. explained the 
interactions of riboflavin-UVA with collagen of human cornea, and the formation of 
crosslinks within the collagen structure as a result of oxygen radicals produced 
[271]
.  
It is interesting to note, that the observed changes within the Raman spectrum 
are seen amongst the adhesive specimens containing riboflavin. In addition, from the 
results mentioned above, the peak at 1032 cm-1 provides an important method to 
verify the effect of collagen and the crosslinking agents 
[272]
. Raman spectroscopy is 
considered important to analyze such variations and interactions of complex 
molecules as a measure of direct effect of the crosslinkers on dentin collagen fibrils in 
the resin-dentin bonding. Therefore, it has to be taken into account, that the alterations 
in the positions of the Raman bands for the riboflavin-modified adhesive specimens 
were indicative of the crosslinking happening.  
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Changes within the representative line map (Fig. 33) across the resin-dentin 
interface can be observed for different groups. From the results of the study, 1% and 
3%RF adhesive specimens showed relatively higher amounts of penetration as 
compared to the control, 5% and 10%RF-modified specimens. The penetration depths 
for different specimens seemed dependent on the riboflavin concentration within the 
adhesive. The penetration of 1%RF adhesive was higher than 3% (Fig. 33) indicating 
a relatively higher polymerization of the 1%RF-modified adhesive in decalcified 
dentin. There might be a possibility that there was a competition between riboflavin 
and the photoinitiators of the dentin-adhesive system in absorbing the blue light 
which might had affected the polymerization reaction of the adhesive system used; as 
riboflavin has maximum absorption peaks at 270, 366 and 445 nm 
[273]
. 
Subsequently, with an increase in riboflavin content up to 3 wt %, there was no 
substantial increase in the penetration depths. It was only when the riboflavin 
concentration within the adhesive was increased to 5% and 10%, that the penetration 
depths were compromised to greater extent. This might suggest the lower penetration 
values and the dual effect of blue light activating riboflavin and the photoinitiator 
system within the adhesive simultaneously. This increase in riboflavin content can be 
assumed to have inducted a shielding effect against the blue light as suggested by 
Snibson et al. Table 6 show the results of statistical analysis of the penetration depths 
for the control and RF-modified groups. The penetration depths of the 3%RF-
modified adhesive specimens was slightly less and no statistical difference was found 
between the control group and the 1% and 3%RF-modified adhesive specimens 
(p<0.05). Concurrently, with the increase in riboflavin content up to 3 wt%, no 
significant decrease in penetrations depths was reported. However, when the 
riboflavin was increased up to 5 and 10 wt %, the penetration depth was further 
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compromised which may justify and explain the depth of cure. Consequently, the null 
hypothesis can be rejected as riboflavin incorporation did effect resin penetration of 
the modified adhesive.      
The approach to include riboflavin within the adhesive may provide a long-
term solution of cross-linking the dentin matrix collagen and to make it easier for 
clinicians to compare the results with any pre-treatment procedures. Any pre-
treatment procedure can be uncontrolled and it is difficult to determine the level of 
crosslinking achieved. In addition, the inactivation effect of the crosslinking agent 
may be lessened once the rinse-water removes the cross-linking solution pre-
treatment once applied after acid etching.  Consequently, the hybrid layers created as 
a result of two-step etch-and-rinse adhesives degrade over a period of time both in 
vitro and in vivo. This is due to the loss of cross banding of the collagen fibrils as a 
result of increased water degradation and MMP-2/MMP-9 gelatinase activity 
[274]
. 
We can speculate that the riboflavin can inactivate MMPs, and may be explained by a 
reduction of MMPs activities due to the direct crosslinking of the MMP itself and due 
to the development of an intricate collagen fibrillar network as mentioned in our 
previous study that may facilitate in better adhesion. Therefore the incorporation of 
riboflavin within the two-step etch-and-rinse adhesive can be considered prudent to 
achieve the desirable effects of riboflavin in crosslinking the dentin collagen fibrillar 
network at a time when the dentin is subjected to etching which activates endogenous 
MMPs. 
The findings of the current study did indicate that the resin tag formation 
showed few differences from both control and riboflavin-modified adhesive 
specimens in the confocal microscopy analysis. A modest resin infiltration was 
observed amongst the control specimens and less expected funnel shape appearance at 
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the entrance of dentinal tubules. Moreover, the 1% and 3%RF-modified adhesive 
specimens showed a more dense resin infiltration and can be speculated with better 
impregnation of the adhesive. With the increase in riboflavin content, at 5% and 10%, 
the resin-infiltrated tags were observed to be thinner (Fig. 36). In addition, with the 
higher 1610:1640 ratios of the 1% and 3%RF-modified adhesive specimens (Fig. 35), 
it is reasonable to assume that the higher penetration depths achieved were 
understandable. Furthermore, different spectral changes observed at 5!m region along 
with the difference in resin-infiltration, the 1% and 3%RF-modified adhesive 
specimens indicated a higher penetration of the adhesives. On the contrary, the 5% 
and 10%RF-modified adhesive specimens show lower ratios in the superficial layers 
with eventually the peak becoming too small to be detected within the deeper layers 
(14 µm). This result can corroborate to the increase riboflavin content within the 
adhesives as suggested earlier. One of the aims in adhesive dentistry is to achieve 
encapsulation of the collagen fibrillar network and infiltration of the adhesive 
polymer in order to prevent the collagen fibrils from degradation 
[275]
. In the present 
study, the incorporation of riboflavin within the adhesive is a unique approach rather 
than riboflavin used as a separate pre-treatment as in previous studies and blue visible 
light was used for dual photo-activation of riboflavin and the photo-initiator system of 





13. Summary, conclusions and future directions 
Conventional restorative techniques are based on adhesive properties of dentin 
adhesives and tooth colored restorations. The resin-dentin hybrid layer remains the 
weakest link in adhesive restorations and decides the longevity of a particular resin 
adhesive restoration. This hybrid layer is a result of adhesive penetration within the 
demineralized dentin leading to a partial or total coverage of the collagen fibers. This 
would lead to the protection of the collagen fibers from the hydrolytic actions of the 
enzymes and oral fluids. The study described in this thesis is aimed to provide a new 
trend in dental adhesion and how the crosslinking effect would improve the resin 
impregnation and bond strength. It is an established fact that the degree of conversion 
of dentin adhesives is based on the polymerization of the adhesives. Raman 
spectroscopy is a good analytical tool for investigation the resin-dentin hybrid layer; 
and in this study the interface analysis is complemented by techniques such as FTIR, 
SEM and microtensile bond strength testing.  
In chapter 12, the resin-dentin interface and dentin surface analysis were 
analyzed using Raman spectroscopy and SEM. Chitosan and riboflavin had been 
recently introduced to analyze the changes associated with collagen fibrillar network 
and resin impregnation through the resin-dentin interface. While the amount of 
demineralization determines the resin impregnation along with good bond application, 
the crosslinking effect leads to greater depths of resin penetrating and a stabilized 
collagen network with optimum mechanical and chemical properties. In this study, the 
adhesives were applied on crosslinked-demineralized surfaces and SEM analysis was 
done for dentin discs and resin-dentin specimens. Raman spectra were collected from 
the disc specimens and the interface along with SEM analysis. The Raman intensities 
and spectrum associated with the adhesive and mineral components within the resin-
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dentin hybrid layer were used to detect monomer penetration into the dentin matrix. 
The data were statistically analyzed with two-way ANOVA.    
In chapter 13, the resin-dentin hybrid layer was created by the experimental 
two-step etch-and-rinse modified with riboflavin. The resin-dentin beams were used 
to analyze !TBS tests after 24 h and 9 months of storage. SEM observation was also 
done of the resin dentin interface specimens after 24 h and 9 months of artificial 
saliva storage. Transmission Fourier Transform Infrared Spectroscopy (FTIR) was 
used to analyze the degree of conversion of the RF-modified and control experimental 
adhesives. No additional surface pre-treatment as mentioned in chapter 12 was needed 
as riboflavin was incorporated within the experimental adhesives at different weight 
concentrations (0, 1, 3, 5 and 10%) as one single product and into one clinical step. 
!TBS testing has shown to be a simple and reliable indicator of bond strength as the 
data was analyzed with a two-way ANOVA and the Tukey post-hoc test. No 
significant difference in the !TBS was found between the control, 1 and 3% modified 
experimental adhesives. The resin-dentin specimens under failure were subjected to 
fractographic analysis to assess bond failure.  
In chapter 14, commercially based two-step etch-and-rinse were modified with 
riboflavin with same weight concentrations. The adhesive dentin surfaces were 
exposed to micro-Raman beam and the adhesive penetration was calculated with 
Raman line mapping across the specimens and the ratio of 1610 cm-1 to 1640 cm-1 
was analyzed. The ratio of the phenyl C=C (1610 cm-1) and C=C (1640 cm-1) was 
calculated and was observed to be towards a lower side within the deeper layers of the 
hybrid layer for control, 1% and 3% riboflavin-modified adhesive specimens. On the 
contrary, the 5%RF-modified adhesive specimens shows a slightly higher ratio in the 
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superficial layers compared to the 10%RF-modified adhesive specimens, with the 
peak becoming too small to be detected within the deeper layers (14 µm).  
 Our research was focused on a technique that can directly or indirectly 
improve the longevity of the adhesive restoration and dental adhesion by the use of 
riboflavin as a crosslinking pre-treatment and as a component of the two-step etch-
and-rinse adhesive. The purpose of the study was to evaluate the crosslinking effect of 
riboflavin on the dentin collagen fibrillar network and the dentin bond strength. 
Within the limitations of the study, the following conclusions may be drawn: 
1. The use of riboflavin and chitosan/ riboflavin formulations with the defined 
ratios stabilizes the collagen fibrillar network and enhances resin infiltration 
and hybrid layer formation. These preliminary results are encouraging for 
subsequent consideration of chitosan/ riboflavin modification in adhesive 
dentistry. However, further studies should be done to understand and 
investigate the effect of the agents used on the biodegradation resistance of 
dentin collagen matrix, inactivation of dentin matrix-metalloproteinase 
(MMPs), mechanical performance and stability of demineralized dentin 
collagen matrix and bond strength and durability of the resin/dentin interfacial 
junctions. 
2. The incorporation of riboflavin in the experimental 2-step etch-and-rinse 
adhesive at 3 wt % improved the immediate bond strengths and bond 
durability after 9 months storage in artificial saliva without adversely affecting 
the degree of polymerization of the adhesive monomers. 
3. The use of riboflavin with defined concentration affected resin infiltration. 
From the results of the study, 1% and 3%RF adhesive specimens showed 
relatively higher amounts of penetration as compared to the control. However, 
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further studies should be performed to investigate the detailed effect of 
riboflavin on the dentin collagen network within the hybrid layer formed along 
with mechanical properties and stability of the demineralized dentin collagen 
matrix. 
Different manufacturers have attempted to minimize the limitations within the 
dentin adhesives and eliminate possible steps within the clinical procedure of 
adhesive bondings. Specific modification through crosslinking can increase the 
efficiency of the bonding procedure and improve the collagen fibrillar network. 
Further studies on the biodegradation resistance of dentin collagen matrix and 
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